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ABSTRACT
Alkaline degradation o f pure invert and invert in refining materials including washed 
sugar liquor, melt liquor and affination syrup has been investigated. The pseudo-first-order 
reaction kinetics o f invert alkaline degradation was demonstrated for a pH range o f 9.0 -
11.0 and a temperature range o f 70 - 90 °C. In this range, rate constants o f invert 
degradation increased 5 to 6 times with one unit increase in pH. The effects o f pH and 
temperature on rate constants were quantified and could be expressed as: log k = 19.42 - 
6712/T - 0.7I2pOH. Rate constants o f invert alkaline degradation at different pH- 
temperature-base combinations calculated by this equation are very close to experimental 
data, but are significantly different from the rate constants calculated from Vukov’s 
equation: logk = 16.9 - 5260/T - pOH. Activation energy o f invert alkaline degradation 
was 30.95 kcal/mol and was found to be pH independent when CafOH), suspension was 
used as a base. Activation energy changed with pH when NaOH and KOH solutions were 
used. Under constant pH and temperature, the rate constant increased 0.004 min ' or about 
12% with 10% increase in sucrose concentration.
The second-order polynomial correlation between the production o f lactic acid and 
the concentration o f invert degraded was obtained. The correlation between color 
formation and invert concentration was also second-order polynomial. Ca favored the 
formation o f lactic acid and inhibited the formation o f color under the experimental 
conditions.
XII
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The effects o f sucrose on the rate constant o f invert degradation and the formation 
o f lactic acid were explained by the effect o f sucrose concentration on the behavior o f pH 
electrode.
The study o f invert degradation o f washed sugar liquor in a laboratory continuous 
carbonation system demonstrated that, i f  the operation conditions were proper and well 
controlled, the efficiency o f the operation evaluated by decolorization, décalcification and 
filterability o f carbonation would not be influenced by invert destruction. The experiments 
o f invert degradation in melt liquor and affination syrup demonstrated that the dose o f lime 
had significant effect on the efficiency o f carbonation. The destruction o f invert in affination 
syrup very costly because a considerable amount o f lime is needed and a large amount o f 
cake is produced.
XIII
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INTRODUCTION
I. 1 The sources of invert sugar in sugar refinery
The mixture o f equal amounts o f glucose and fructose is called “ invert”  sugar in the 
sugar industry. They are monosaccharides. The monosaccharides are the simplest form o f 
sugars that still retain the identity o f the sugars, such as nonvolatility and sweet taste 
(Shallenberger and Birch, 1975). Common naturally occurring monosaccharides are D- 
glucose, D-fhictose, D-maimose and D-galactose. They are the building units o f 
oligosaccharides and polysaccharides, such as sucrose, lactose, maltose, starch and cellose. 
Commercially, monosaccharides are produced mainly by hydrolysis o f oligosaccharides and 
polysaccharides such as sucrose and starch under certain conditions. The hydrolysis o f 
sucrose not only produces equal amount o f glucose and fhictose, but also causes the 
change in optical rotation o f the sugar solution from dextro- to levo- before and after 
hydrolysis because o f the high levorotation o f fructose. Therefore, the hydrolysis o f sucrose 
is frequently termed ‘ inversion’ (Pigman, 1948), and the sum o f glucose and fhictose is 
called invert..
In the sugar industry, the most important monosaccharides are D-glucose and D- 
fhictose. They occur naturally in sugar cane juice at 3 to 5% o f total soluble solids (Clarke, 
1988) and in beet Juice at 0.4 to 0.8%(McGinnis, 1971). The content o f glucose and 
fhictose in sugar cane juice varies greatly depending on the varieties and the maturity o f 
cane, weather and geographic conditions, and the condition o f fertilization (Meade and 
Chen, 1977; Legendre, 1988). These monosaccharides are also produced during sugar
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2processing through sucrose hydrolysis under even slight acidic conditions (Edye and Clarke, 
1992).
L2 The rationale for the study
The reason for the study o f invert destruction in sugar refining is due to the 
undesirable efiects o f invert during sugar processing. These effects are: (1) It has been 
shown the autocatalysis o f sucrose in the presence o f invert because the degradation o f 
invert forms carboxylic acids. These acids lower the pH o f sugar solution and causes further 
conversion o f sucrose into glucose and fiiictose which can not crystallize out under the 
condition o f sucrose crystallization due to their high solubility. In both raw sugar mill and 
refinery even a low level o f hydrolysis o f sucrose w ill result in significant sucrose loss with 
economic consequence (de. Bruijn, 1986a, 1987). (2) The formation o f coloring materials 
due to degradation. Maillard reaction o f invert with amino acids and the caramelization o f 
invert increases the cost o f decolorization, and increases the color o f final products 
(Ramaiah and Kumar, 1968; Fleming, et al., 1968; Clarke, et al., 1987). (3) The existence 
o f invert in either raw sugar or refined sugar increases the possibility o f caking during 
storage, particularly when fructose exists because fructose is moisturized easily and caking 
o f sugar is caused by the migration o f moisture; in addition, trace amount o f invert, 
particularly on the surface o f crystal affects the flowability o f sugar crystals hence, the 
handling characteristics o f sugar. (4) The presence o f invert increases the viscosity o f sugar 
liquor in the later stage o f sugar boiling (Swindells, et al. 1958; Hinton, 1929).
It has been stated that the beneficial effect o f invert sugar in sugar processing is 
lowering sucrose levels in final molasses (black strap molasses) in cane sugar m ill, because
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3the presence o f invert sugar does reduces the solubility o f sucrose. However, sucrose carried 
to molasses by invert as compared to that by invert degradation products needs to be 
addressed in term o f melassigenicity o f non-sugar components in molasses.
In the sugar refinery, invert sugar comes fi"om raw sugar and produced during 
refining process. The invert contents in raw sugar vary from 0.2% to 0.6% (on the dry 
solid basis) depending on sources and quality o f raw sugar. After affination (sugar washing), 
the percentage o f invert in washed sugar is only 0.06 to 0.1%. This indicates that molasses 
film o f raw sugar crystals is high in invert. The concentration o f invert in affination syrup 
vayies fi"on 3 to 5%. Although the affination syrup consists o f only about 7% o f melt sugar, 
the cost o f remelt crystallization from affination syrup accounts for up to 25% o f the refining 
costs. In addition, the carbonate cake generated by carbonation process is costly to  dispose. 
For example, in a sugar refinery 0.8% CaO on the weight o f raw sugar is used to treat melt 
liquor (washed sugar liquor), and 1.5 to 1.6% CaCOj is generated by the carbonation, about 
25 tons o f wet carbonate cake is produced per day for a 1000 ton raw sugar/day refinery. 
The total cost o f disposing the wet cake is $20 to 30 per ton depending on the distance o f 
shipping. Therefore, it is imperative to clarify the behavior o f invert sugar in sugar refining 
process and to find the optimum condition to destroy the invert in washed sugar and 
affination syrup when necessary with the minimal use o f lime and the least loss o f sucrose 
to improve the yield o f the refining operation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41.3 The specific dissertation objectives
The specific objectives o f the dissertation are as follows:
1. to establish the correlation between the degradation rate o f invert and the major 
factors such as pH, temperature, the nature o f base and the concentration o f sucrose through 
the study o f the basic kinetics o f pure invert sugar degradation in alkaline aqueous solution 
by means o f HPLC,
2. to evaluate the production o f the main products o f invert alkaline degradation and 
the formation o f color due to pure invert alkaline degradation, and
3. to evaluate the destruction o f invert in a laboratory continuous carbonation 
process and the effect o f invert destruction on the efficiency o f purification.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1 REVIEW OF LITERATURE
1.1 Structural Characteristics of Monosaccharides
Monosaccharides are polyhydroxyl aldehydes or polyhydroxyl ketones. The 
monosaccharides occurring most commonly are hexoses including aldoses and ketoses. 
Due to the presence o f asymmetric carbons in the carbon chain o f monosaccharides, a large 
number o f stereo isomers become possible. It was found that sugars w ith the formula o f 
CgHi^ Og were glucose, fructose, galactose, sorbose and mannose (Pigman, 1948).
The carbonyl groups in the aldoses and ketoses have an electrostatic efifect on the 
a-hydrogens. Therefore, the presence o f either hydrogen ions or hydroxyl ions may cause 
the shift o f electrons which contribute to the stability o f the C-C bonds and C -0 bonds or 
0 -H  bonds. The hydroxyls o f the chain react with the functional terminal groups to form 
a ring structure-hemiacetal hydroxyl. This structure is stabilized by the glycoside bond.
The open-chain structure o f a monosaccharide described the relevant configuration 
between each group and carbon atom, but could not describe the angle relationship between 
every two bonds and the conformation o f the molecule correctly. It became evident that the 
open-chain formula would not account for all the reactions o f these sugars, for instance, 
the mutarotation o f monosaccharides. The ring form o f sugars was suggested by Tollens 
(1883) to interpret the phenomena which could not be explained by the open-chain structure 
according to the fact that monosaccharinic acid could form stable y-lactone. It was not until 
1923, that Hirst confirmed the ring form structure o f monosaccharide by méthylation and 
found that the most common and fundamental ring structure o f hexoses was a hexagonal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6heterocyclic ring formed by 5 carbon atoms and one oxygen atom. Fructose could have 
both hexagonal ring and pentagonal ring formed by 4 carbon atoms and one oxygen atom. 
For the sugar, the hemiacetal ring formation takes place by reaction o f a hydroxyl group 
w ith the aldehyde group in the same molecule. Each o f the possible ring formulas for 
glucose allows two isomers; a - and (3- isomers, which differ only in the configuration o f 
hemiacetal group, as carbon I is asymmetric in the ring form. The a - and P- anomers o f the 
same parent sugar can be isolated from the equilibrium mixture o f a sugar solution (Figure
1.1 ).
ÇHjOH
H Ù °  H H ' '" OH
CH,OH
OH
H r ___ -  T H
OH H n uf  OH OH  y H
H OH H OH
a-D-glucose P-D-glucose
Figure 1.1 The structures o f two anomers o f D-glucose
1.2 General Properties of Monosaccharides
1.2.1 Physical properties of invert sugar
The solubility o f invert sugar is limited by the solubility o f glucose (Honig, 1953) 
because at any given temperature the solubility o f glucose is much lower than that o f 
fhictose. For example, a saturated glucose solution at 20 °C contains only 47.2% glucose 
(Jackson, 1922), whereas, a saturated fhictose solution contains 78.94% o f fhictose 
(Murschauser, 1923) and a saturated invert solution contains 62.7% o f invert sugar
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(McDonald, 1951). At temperatures above 30 °C, the solubility o f invert sugar is higher than 
that o f sucrose, so invert can not crystallize out under the conditions o f sucrose 
crystallization. It is difficult to obtain invert sugar in crystalline form because the presence 
o f anomers and ring isomers in solution makes the invert sugars intrinsically “ impure” . The 
presence o f ring isomers hinders the crystallization o f invert sugar (Shallenberger and Birch, 
1975). The inhibitory efifect on the crystallization o f invert is very useful in certain food 
products such as ice cream. Therefore, invert syrup is produced in most o f the sugar 
refineries to satisfy the specific requirement o f the food industry, although the production 
o f invert syrup from cane sugar is much less than that from com starch.
The presence o f invert in sucrose solution reduces the solubility o f sucrose (Junk, 
Nelson and Sherrill, 1947). For these reasons, it has been stated that invert has a “ salting 
out”  effect on sucrose recovery, i.e, the beneficial effect o f invert in sugar processing is 
lowering sucrose levels in final molasses. Generally, total sugar content o f cane blackstrap 
molasses is about 60%, out o f that 30 to 40% is sucrose, and 10 to 25% is invert (Clarke, 
1988). In the 1995 crop year, sucrose and invert in molasses determined by HPLC were 
44.59 and 10.20% respectively (Vercellotti, Clarke and Edye, 1996). Total sucrose content 
o f beet molasses is 60 to 65% on Brix (50 to 52% on the weight o f molasses. Schidt, 1988). 
Therefore, invert replaces a significant part o f sucrose in cane molasses. A recent study 
performed in SMRJ (Sugar M illing Research Institute) in South Africa indicates that the 
purity o f final molasses decreased with the increase o f the ratio o f invert to ash (SMRJ 
Annual Report, 1996/1997).
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Figure 1.2 The effect o f invert concentration on sucrose solubility at 40 °C
It has been found that the solubility o f sucrose is about 220 g per lOOg water in the 
presence o f 50 g o f invert at 40 °C. In actual refining black strap molasses, sucrose level is 
as low as 190 grams for the same invert level, which indicates that other non-sugars replace 
part o f sucrose (Conrad, 1988).
The melassigenic effects o f various non-sugars were quantified by “ melassigenic 
coefficient”  (m) listed in table 1.1 (Silin, 1963). The “m” was defined as the number o f parts 
o f sucrose per part o f non-sugar that would be taken into molasses at saturation. It can be 
seen that the order o f melassigenic coefficients o f cations is; K* > Na"> Ca""^  (when anion 
is the same), and the order o f melassigenic coefficients anions is: OH > CO^' > Cl > 
acetate > lactate > invert degradation products. Invert has a melassigenic coefficient o f 0.19 
which indicates that 0.19 gram o f sucrose is carried into molasses by 1 gram o f invert. 
However, this is contradictory with the “ salting out”  efifect o f invert in cane molasses.
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because the melassigenic coefiScients in Table 1.1 were obtained from beet molasses. Since 
under carbonation condition, part o f invert decomposition products are expected to be in 
calcium form, the “ salting out”  effects o f these calcium salts should be much greater than 
that o f invert.
Table 1.1 Melassigenic coefficients o f some nonsugars and invert sugar (Silin, 1963)
nonsugar m nonsugar m nonsugar m
NaOH 4.61 Na-acetate 2.71 Invert 0.19
KjCOj 3.38 K-iactate 1.02 Ca-glutamate 0.18
NajCOj 2.88 K-glutamate 0.99 Ca-lactate -0.14
K-acetate 2.85 Na-glutamate 0.93 Ca-acetate -0.55
1.2.2 Chemical properties of monosaccharides
The formation o f 5-hydroxy-methyl-fiirfural (HMF) from glucose and other hexoses 
under acidic conditions has been known since the end o f last century. Because o f the 
presence o f aldehyde/ketone groups, all monosaccharides are reducing sugars and the 
reducing power o f the monosaccharide is high under alkaline conditions. This is the basis 
o f many analytical methods used for determining monosaccharides, such as the Lane and 
Eynon technique and Knight-Allen EDTA titration technique (Plews, 1970; Honig, 1953). 
Since the reagents used in these methods react with all reducing compounds present in the 
solution, these methods can not differentiate individual sugars.
The stability o f glucose, fructose and pure invert sugar has been studied by a number 
o f investigators. In general, the maximum stability o f invert sugar is obtained at 
approximately pH 3 rather than pH8.3 at which sucrose is the most stable. The character o f
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the decomposition reaction o f glucose and fructose in aqueous solution is determined by 
pH. The reaction rate is affected by many factors such as pH, temperature, the presence o f 
sucrose and impurities, etc. Change in optical rotation and decrease in reducing power were 
used as criteria o f invert sugar stability before the application o f chromatography.
Dilute acids have little or no effect on invert sugars, but hot concentrated acids 
produce profound changes. The mildest type o f reaction o f monosaccharides introduced by 
acids is the interconversion between a - and (3- isomers or between ring isomers. This type 
o f change is mutarotation.
The mechanism o f HMF formation has been studied by many investigators. Hurd and 
Isenhour (1932) suggested that the mechanism o f HMF formation from hexoses could be 
described by the formation o f furfural from xylose, which involved the formation o f 
intermediate 3-deoxyhexosulose. Wolfrom et al. (1948) claimed based on the data from 
glucose that the mechanism was independent o f initial pH in the range o f 2.0-6.5 for 0.05 
M glucose. Anet (1961) found that two 3-deoxyhexosuloses were converted quantitatively 
to HMF by acid and suggested that 3,4-dideoxyhexosulose-3-ene resulted from either aldose 
or ketose during the Lobry de Bruyn-Alberda van Ekenstein transformation. The kinetics 
o f conversion from glucose to HMF was found in accord with acid-base catalysis rather than 
acid catalysis, and a reaction pathway involved the isomerization o f glucose to fhjctose 
followed by dehydration (Anet, 1961). Moye and Krzeminski (1966) found the existence 
o f the equilibrium between glucose, enediol and fructose during the conversion o f glucose 
(or) fructose to HMF under conditions o f acid catalysis (pH4.5). Moye (1963) also found
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that the yield o f 2-(2-hydroxyacetyl) furan, relative to that o f HMF is the same when either 
glucose or fructose is used as the starting material.
The action o f acids at high temperature on monosaccharides is dehydration. When 
temperature and the concentration o f acid increase, hexoses lose water to form HMF [5- 
(hydroxymethyl)-2-fiiraldehyde], further decomposition o f HMF produces levulinic acid and 
formic acid (Scallet and Gardener, 1945; Wolfrom and Schuetz, 1948; Miller and Cartor, 
1952). Acids also catalyze the condensation o f two sugar molecules to form disaccharides 
and oligosaccharides (Pigman, 1948). The condensation appears to take place between the 
primary hydroxyl group o f one molecule and the reducing group o f another molecule with 
formation o f glucosides.The steps illustrating the mechanism o f decomposition o f glucose 
and fructose were summarized in Figure 1.3 (Kelly, 1979)
Glucose Fructose CH^OH
H I O H
!■: H I
CHOH=COH-CHOH-CHOOH-CH,OH HO---i----------  OH
I H OH
O I CH,OH
H-C-COH=CH-CHOH-CHOH-CH,OH
00II II
H
O I----------  OH
H O
II II OH OH
H-C-C-CH,-CHOH-CHOH-CH:OH ^
00  OH
II II H O
H-C-C-CH=CH-CHOH-CH,OH
HC —  CH
"9  ~  9 "  - H,0 I I  II
HC C -C H O  " HC C
HOCHj O OH HOCH, O CHO
Figure 1.3 Steps o f HMF formation from glucose/fhictose
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Monosaccharides are profoundly affected by alkalies even under very mild 
conditions. The effect o f alkalies follows two general courses: Isomerization mainly at the 
reducing end o f the molecule at low temperature, and fragmentation into relatively 
thermostable short carbon chain substances (Pigman, 1948).
1.3 Intrinsic Chemistry of Monosaccharides
Sugars are stable when they are in the crystalline state. Sugars undergo a series o f 
intrinsic changes when dissolved in a solvent, particularly in the presence o f acids or alkalies. 
These changes usually involve the carbon atom carrying the aldehyde or ketone groups 
(Pigman, 1948). The extent to which the reactions occur and their significance depend upon 
the polarity o f the solvent, pH, temperature, sugar concentration and the time elapsed after 
dissolution (Shallenberger and Birch, 1975; Eggleston, et al, 1995). These intrinsic reactions 
are ionization, mutarotation, enolization, isomerization, dehydration, fragmentation, 
anhydride formation and polymerization.
Research has been done to obtain a better understanding o f the fundamental aspects 
o f the reaction o f monosaccharides and sucrose in alkaline aqueous solutions. Particularly, 
the initial transformations such as ionization, mutarotation, enolization and isomerization 
have been extensively studied and are well understood at this moment. A brief review is 
given in the following paragraphs.
1.3.1 Ionization of monosaccharides in aqueous solutions
The various hemiacetal structures in which monosaccharides occur in aqueous 
solutions possess a weakly acidic hydroxyl group at the anomeric carbon (de Bruijn, 1986a). 
The dissociation o f the monosaccharide in aqueous solution results in a sugar anion. The
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ionization constant was first determined (Table 1.2) and ionization structure o f 
monosaccharides was described (Figure 1.3) by Los and Simpson(1954 and 1957). The 
ionization o f sugars at high pH and the differences o f their acidity are the basis o f the 
methods o f sugar determination by ion chromatography (Thompson, 1990; Schaffler and Jo 
Day-Lewis, 1992).
Table 1.2 pKa values o f a- and (3-D-glucopyranose in water
Temp. CO pKa o f a-anomer pKa o f 3-anomer
0 13.08 12.87
15 12.66 12.41
25 12.48 12.18
OH
Figure 1.4 The mechanism o f ionization o f monosaccharide (de Bruijn, et al., 1986a)
1.3.2 M utarotation o f monosaccharides
Mutarotation is the transition between the various hemiacetals o f a monosaccharide. 
The mutarotation o f monosaccharides follows the rapid ionization in alkaline solution by 
opening the acetal ring with the formation o f a pseudo-cyclic intermediate (Isbell and Wade 
1967). The change o f optical rotation with time is the result o f mutarotation. The ordinary 
form o f glucose (a-glucose) mutarotes levorotarily and the P-isomer mutarotes 
dextrorotarily; in both cases the same equilibrium value is reached (Figure 1.5).
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a-glucose <------ > equilibrium <------ > P-glucose
[a]D = +112° [a]D = +52.5“ [a]D = +18.7°
Figure 1.5 The mutarotation o f glucose in aqueous solution (Pigman, 1948)
Monosaccharides are substantially solvated in water and water molecules play an 
important role in the transition state o f the mutarotation process. Bases catalyze the 
transition process by weakening the ring C-0 bond. This intermediate can then pass into one 
o f the anomeric forms. The action o f water molecules and hydroxyl ions is shown in Figure 
1.6 (Isbell and Wade, 1967).
The reaction rate o f mutarotation o f monosaccharide can be accelerated by raising 
the temperature or by increasing either hydrogen ion or hydroxyl ion concentrations, with 
bases being particularly effective. Increasing temperature generally favors the formation o f 
a- D-aldopyranose (Pigman, 1948).
OH
OH
+  O H
_+ HjO
H O H
rO
(p-fonn)
_ (a-form )
Figure 1.6 The mechanism o f mutarotation o f monosaccharide in aqueous solution
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The composition o f mutarotated sugars in a solution has been studied by various 
chemical and instrumental techniques (Angyal, 1968; Acree 1969, and Isbell and Pigman 
1937). The percentage distribution o f anomers o f some monosaccharides at 20 °C are 
summarized in Table 1.3 (Shallenberger and Birch, 1975). The distribution o f the anomers 
o f glucose and fructose indicates that P-pyranose is the dominating form o f glucose, 
fructose and galactose in the aqueous solution, about 30% o f fructose presents in the form 
o f P-furanose. The dominating form o f mannose is a-pyranose.
Table 1.3 Percentage Distribution o f Sugar Anomers at 20 °C
:: ■:.v;siigar;:::::'-; a-pyranose P-pyr&nose a-furanose P-fiaranose
D-Glucose 34.3 65.9 0 0
D-Galactose 32.3 67.2 1.0 3.1
D-Mannose 66.5 33.6 0 0
D-Fructose 4.0 72.2 0 29.8
1.3.3 Enolization
After ionization and mutarotation, monosaccharides may undergo enolization and 
isomerization. The enolization reaction o f monosaccharides was first discovered by Lobry 
de Bruyn-Alberda van Ekenstein (Lobry de Bruyn, 1895). The reactions were the 
interconversion o f D-glucose, D-ffuctose and D-mannose (Figure 1.7)
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H C = 0  H C - O H  ------- - H— C = 0
I • T\ -----------------------  I
HÇ—OH (p— OH H C -Ç — H
(Glucose) (Enediol) (Mannose)
1L
CH,OH
I -
c = o
i
(Fructose)
Figure 1.7 The enolization o f glucose, fructose and mannose
( Lobry de Bruyn-Alberda van Ekenstein transformation)
It was found that very few side reactions took place when the glucose was treated 
with lime water saturated at 35 °C. After about 5 days, the equilibrated mixture contained 
63.5% glucose, 31.0% fructose and 2.5% mannose and 3% other substances (Wolfrom and 
Lewis, 1928). Enediol anion species was generally accepted as the key intermediate in the 
isomerization reaction o f monosaccharides in alkaline aqueous solutions. The evidence for 
the presence o f enediols in alkaline solutions o f monosaccharides was provided by the 
ability o f the solutions to take up large quantities o f iodine, to decolorize solutions o f 
dichloroindophenol and to be oxidized with cleavage between carbon 1 and 2 o f the sugar 
molecule. The recent study found that the interconversion involves psicose (de Bruijn, 
1987). The isomerization reactions among those monosaccharides are shown in Figure 1.8. 
The enolization rate o f a sugar is proportional to the concentration o f hydroxyl ion (Lai, 
1973; Kooyman et al, 1977).
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Fructose
Glucose <------   Enediol anion s Mannose
11
Psicose
Figure 1.8 The enolization o f monosaccharides in alkaline solution (de 
Bruijn, 1987)
The study o f the formation o f enediol anion species from monosaccharides by UV 
spectroscopy (De W it, 1979; De Bruijn, 1986b) illustrated that the mixture o f 
interconversion had the maximum absorbance at wavelength 310 nm. The enolization o f 
fructose and glucose was recently studied by laser RAMAN-spectroscopy (Bobrovnik and 
Rudenko, 1995) and aldehyde form o f glucose was recorded by valent vibration o f carbonyl 
group at 1732 cm ' and its amount was estimated as integral intensity o f this band. The 
investigation o f H/D exchange reactions o f D-glucose and D-fructose at 5 °C and under 
nitrogen, using alkaline deuterium oxide (NaOD) as the reaction medium revealed that 3 mol 
%  o f glucose was deuterated at C-3, and 11% fructose was deuterated at C-1 (Isbell, 1969; 
and de Wit, 1979). Fast equilibrium between cyclic sugars and their pseudo-cyclic carbonyl 
structures has been evidenced by ‘^C NMR spectroscopy (de Bruijn, 1986).
Maclaurin and Green (1969) showed through a kinetic study o f the transformation 
o f glucose, maimose and fructose, that the rate constants for reversible pathways are 
identical, and that the glucose-mannose epimerization is not as energetically favorable as the 
glucose-fructose isomerization (Figure 1.9). Starting with glucose, Sowden and Schaffer
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(1952) found glucose 66.5%, fructose 28.6% and mannose 0.8% after 21 days at 25 “C in 
lime water.
Glucose
0.005 r r: 0.037
_ '-'J
Mannose Fnicose
0.01
Figure 1.9 Rate constants o f isomerization o f monosaccharides
at 25 °C lime water (The unit o f rate constant is min ' ‘)
The enolization and isomerization reactions are usually associated with alkaline pH, 
but they also occur , with less facility, in acid solutions. The course o f enolization o f 
monosaccharides seems cation dependent. Kusin (1936) found that the initial course o f the 
reaction at low temperature (35 to 37 °C) was different with monovalent and divalent bases 
at 0.5 N concentration. Apparently no difference was found at higher temperature.
The reactions mentioned above are the reactions among sugars, they are better 
called interconversion o f sugars in aqueous solution. Although they are not directly 
important to sugar manufacture, the studies o f these reaction are very important for the 
better understanding o f the mechanism o f invert sugar degradation.
1.3. 4 Mechanism of monosaccharide alkaline degradation
In either acid or base, enolization o f the cyclic form o f a monosaccharide may 
degrade to low molecular fragments (Shallenberger and Birch, 1975). The mechanism o f 
monosaccharide alkaline degradation has been studied by a number o f investigators.
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Probably the contribution o f Pigman (1937), Sowden and Schafifer (1952), Bamford and 
Collins (1955), MacLaurin and Green (1969) and de Bruijn et al (1986b) is the most 
important. A comprehensive review has been given by de Bruijn, et al.(1986a). Several 
reactions o f monosaccharides in alkaline medium are summarized in Figure 1.10.
Monosaccharide
(Ionization, mutarotation)
Monosaccharide anion
(Enolization, isomerization)
Enediol anion
(Degradation)
Carboxylic acids
Figure 1.10 The simplified reactions o f monosaccharides degradation 
in alkaline solution (de Bruijn, 19877
The reversible transformations in Figure 1.10 are relatively fast and are well 
understood at this moment. The reversible mutarotation o f monosaccharide is important in 
the food industry to produce fhictose from glucose which is more easily obtained from 
natural sources such as starch by means o f enzymatic hydrolysis (Fennema and Tannenbaum, 
1985; Shallenberger, 1975). But these reversible reactions are not o f direct importance for 
sugar manufacture except the enolization because enediol anion is a widely accepted 
intermediate o f monosaccharide degradation under both acid and alkaline conditions. The 
enediol anion enters into several reaction pathways leading to carboxylic acids as the final
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Figure 1.11 Degradation path o f enediol anion in alkaline solution
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stable degradation products. The reactions involved have been summarized by De Wit 
(1976) and shown in Figure 1.11 (pp. 21).
The formation o f a reactive a-dicarbonyl species by (3-elimination (I) o f the enediol 
anion may be considered as the first step in degradation. Then this dicarbonyl intermediate 
undergoes either benzolic acid rearrangement (II) or a-dicarbonyl cleavage (III), yielding 
an acid product or an acid and an aldehyde. The dicarbonyl compound may be involved in 
aldolization reaction (V) w ith other (di)carbonyl compounds including reducing sugars. In 
this way higher molecular compounds are formed. The enediol ions may undergo retro- 
aldolization (IV ) to yield two smaller but still reactive aldehyde molecules. When all these 
reactions are taken into account, various possible degradation pathways can be described 
and a view o f the final reaction products is obtained. The complex reaction network has 
been suggested (De Wit, 1979), in which various aldolization reaction between carbonyl 
compounds are not taken into consideration for the simplicity.
The degradation pattern o f monosaccharides in alkaline solution is influenced by the 
reaction conditions. When glucose, fructose, mannose and psicose were treated with KOH 
under compatible conditions, the almost identical final product composition was obtained 
and ^ Cg acids represented only 55% o f the total amount o f degradation products (De 
Bruijn, 1986). This indicates that alkaline degradation o f interconvertible monosaccharides 
proceeds indeed via the same 1,2- and 2,3-enediol intermediates. When the OH 
concentration was in the range o f 10'^  to 2.5 M, the selectivity was toward lactic acid at 
increasing OH concentrations. The high production o f >Cg acids at OH concentration 
between 10 and 10 ' M  indicated the pathway o f aldolization. Reducing the initial
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concentration o f monosaccharides bellow 10 M  caused a sharp decrease in the formation 
o f > Cg acids and dramatically increase in lactic acid and saccharinic acids. This indicated 
that the degradation pathway shifted from benzilic rearrangement to the oligomerization,
i.e., aldolization o f a-dicarbonyls when the initial concentration o f monosaccharide 
increased. It was found that in 0.025 M  fructose, 0.01 M  KOH solution, increase o f the 
molar ration o f Ca^Vfiuctose up to 1:1, the formation o f lactic acid increased at the cost o f 
glycolic acid, acetic acid, saccharinic acid and >Cg acids.
1.4 Kinetics of Invert Alkaline Degradation
Early kinetic studies o f invert degradation in alkaline solutions have illustrated that 
the reaction o f invert degradation is a first-order reaction, i.e., the reaction rate is 
proportional to the total monosaccharide concentration and affected significantly by 
temperature, pH, the existence o f sucrose and other impurities such as cations (K ‘, Na", Ca^, 
and Mg-* etc) and amino acids.
1.4.1 Kinetic models
Many kinetic models have been proposed to describe the interconversion and 
degradation o f monosaccharide under alkaline conditions. Table 1.4 gives a summary o f 
some kinetic models and the range o f corresponding parameters studied. Unfortunately, the 
rate constants calculated from different kinetic models are incomparable because o f 
different reaction conditions. For example, Bamford et al.(1955), MacLaurin and Green 
(1969), and Garrett and Young (1970) used same kinetic model, but their experiments were 
carried out at different hydroxyl ion concentrations. The model o f Kooyman et al (1977) 
was proposed to determine the isomerization rate constants o f monosaccharides in alkaline
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solution. Although the kinetic model proposed by De W ilt and Lindhout (1973) was closely 
related to the reaction mechanism, it involved the concentration o f enediol ions, which was 
very diflScult to be determined. In addition, under some o f the conditions in Table 1.4, the 
detectable reactions took place in hours, days, even months. These are not the situations 
occurring during sugar refining in which the operating temperature is almost always above 
70 °C. In addition, the kinetic equation derived fi-om these models are about pure 
monosaccharide alkaline degradation without taking into account the presence o f sucrose.
The kinetic model proposed by de Bruijn et al (1987) is based on the assumption that 
the 1,2 - enediol and 2,3 - enediol anions intermediates have pseudo steady state 
concentrations during the reaction. The model has been simplified by omitting these 
intermediates (Figure 1.12). The model describes the overall observed reaction course, 
which includes (1) reversible isomerizations between glucose, fructose, mannose and 
psicose, and (2) an overall irreversible route for each hexose to acid products (A). This 
model contains detectable concentrations only, so all rate constants can be determined.
\
I k„
Figure 1.12 Simplified kinetic model for the isomerization and degradation o f 
D-glucose (G), D-fhictose (F), D-mannose (M ) and D-psicose (P). 
(De Bruijn, 1987)
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Table 1.4 A summary o f published kinetic models o f monosaccharides
Authors Co(mmol/L) [OH ] (mmol/L) Temperature(“C) Kinetic models
Bamford, 
et al.(1950) 440 1000-5000 25-45
McLaurin and 
Green ( 1969)
2 1000 22
Pr,-é—  0  ^  F Prj
Vk
De W ilt and 
Lindhout(1973)
125 26 50-60
F ^ F  ^
Kooyman, Vellenga 
and De w ilt (1977)
80-400 600-800
15
67-84
84-104
0 ^  G V F ^ F
Vjr
M
De Bruijn (1987) 25 1-100 78
[Cq] is (he initial concentration of monosaccharide in inM. 
lOH*] is the initial concentrationof OH- ions in sugar solution.
G=glucose, F=fructose, M=mannose, p=psicose, A=acids, and Pr, Prl, Pr2, Pr3 = products
25
1.4.2 Rate constant of monosaccharide alkaline degradation
De Bruijn et al. (1987) measured the pseudo-first order rate constants o f 
isomerizations and degradations o f 4 monosaccharides in the model at different pH but a 
constant temperature o f 78 “C by HPLC. Results were summarized in Table 1.5.
Table 1.5 The influence o f [O H ’] on pseudo first-order rate constants.
Reaction conditions: 0.025 M  monosaccharides, KOH, H ,0, 
78 °C, under N, (de Bruijn)
Rate constant 
(10  ^min'*’
OH concentration (M )
10’’ 3.5 * 10'^ 10’^ 3.5*10’^ 10 •*
k l G —> M 1.1 3.0 7 15 25
k2 M —>G 2.8 8.0 18 40 60
lc3 M —>F 8.8 26.0 49 115 160
k4 F — > M 2.7 8.0 15 35 60
k5 G — > F 20.0 55.0 115 260 360
k6 F — > G 15.7 45.0 90 220 330
k7 F —>P 4.2 12.0 25 60 90
k8 P —> F 8.0 23.0 45 100 140
k9 F — > A 7.9 24.0 50 135 220
klO P —> A 12.0 36.0 70 190 320
k l l  M —> A 1.1 3.0 7 19 31
k l2  G—> A 1.6 5.0 10 27 46
It can be seen fi'om the table that the conversion o f other sugars to fiuctose is faster 
than that o f fiuctose to other sugars under same reaction conditions. Comparing the rate o f 
G—>M, F—>M and F—>P to those o f M—>F, G~>F and P—>F, the concentrations o f 
mannose and psicose in equilibrium mixture were very low. Therefore, the degradation o f
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invert through psicose to organic acids should not be the leading path, although the 
degradation o f psicose to organic acids was faster than the degradation o f other sugars. The 
rate constant o f F—>A is about 5 times greater than that o f G~>A, 7 times greater than that 
o f M —>A. The degradation o f fructose to acids should be the leading pathway.
Table 1.5 shows the strong dependence o f the rate constants on the concentration 
o f hydroxyl ions or pH. Rate constants increased 5.5 to 6.5 times when the concentration 
o f OH' ions increased from 10 M  to 10 (pH increased from 11 to 12) and 3 to 4 times 
when the concentration o f OH' ions increased from 10 M  to 10 ‘ ‘M. The increase o f rate 
constant is, therefore, pH dependent at constant temperature. This is somehow different 
from the results o f other investigators.
400 1
G ->F  
« — F~>G 
■ it— F -> A  
G ->A
350 4
300 -1
250 4
200 -
150 -
100 J
12.5
Figure 1.13 The effects o f pH on the rate constants o f the interconversion between glucose 
and fructose, and the degradation o f glucose and fructose at 78 °C, under 
nitrogen(De Bruijn, 1987)
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Figure 1.13 illustrates the effect o f pH on the rate constants o f the interconversion 
between glucose and fructose, and on the rate constants o f the degradations o f these sugars 
at constant temperature.
An empirical kinetic equation established by Vukov (1965a) and still in use is
logk = 16.9 - 5620/T - pOH 
This equation reflects the eflfects o f pH and temperature on rate constants o f invert alkaline 
degradation. It is valid from pH 10 to 12.5 and temperature 60 to 130 “C with temperature 
T in K and rate constant k in min According to this equation, rate constants increase 10 
times as pH increases one unit at a constant temperature. This is much larger than the results 
o f de Bruijn et al. (1987). The activation energy in the equation above is 107.6 kJ/mol 
(25.74 kcal/mol). Ivonov and Sapronov (1966) has found that the degradation o f glucose 
and fructose is first-order in the pH range o f 7 to 12. At pH 10, the degradation rates are 
about the same, with each reaction having an activation energy o f about 123.5 kJ/mole 
(29.5kcal/mol). This could be explained by the interconversion between glucose and 
fructose, and the formation o f their common intermediate, 1,2- or 2,3- enediol ions. 
However, the activation energies differ among individual investigations. One reason is that 
some investigators utilized buffers, while others did not.
Ramaiah and Kumar (1968) studied the kinetics o f caramelization o f hexose sugars 
in a 0.555 N concentration in 0.625 N NaOH, and at 60 to 70 °C. They found that cations 
including Ca *^ had no influence on rate constants, whereas anions o f weak acids (OH and 
COj^' ) accelerated the decomposition, and anions o f strong acids (C l', SQ^' , PQ^ and 
SOj^ ') had inhibitive eflfects. Vukov (1965a) found that the alkali halides did not perceptibly
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influence reaction constants. However, cations o f alkaline earth metals increased the 
reaction constants considerably. For example, the presence o f calcium and magnesium ions, 
decomposition products and amino acids increased the rate considerably (Vukov, 1965a). 
But Ivanov and Sapronov (1966) found that calcium ions suppressed rather than accelerated 
the decomposition o f 1.5% hexose mixture in the presence o f 2% lime at 20 to 80 °C.
When sucrose was added to the hexose solution, degradation o f hexose mixture 
was accelerated at higher temperature (Vukov, 1965a; Sapronov, 1969). The presence o f 
sucrose increased the degradation rate o f invert was due to the increased solubility o f lime 
in sucrose solution (Vukov, 1965a). L ittle  information is available about the effect o f 
sucrose on the degradation rate o f invert.
1.5 Composition of the Degradation Products
The principle products resulted from the action o f bases on the hexoses are a series 
o f 6-carboxylic acids, lactic acid, acetic acid, and formic acid, etc (Sowden, 1957). The 6- 
carboxylic acids are found in 3 isomeric forms, depending on the concentration o f alkali 
(Shallenberger, 1975). They are meta-saccharinic acid (3-deoxy-hexonic acid), saccharinic 
acid (2-C-methyi pentonic acid) and isosaccharinic acid (3-deoxy-hydroxymethyl 
acid).There are 8 isomers possible for the meta- and the saccharinic acids, 4 isomers for the 
isosaccharinic acid.
1.5.1 Carboxylic acids
Based on the results o f a six year study and other investigators research, de Bruijn 
(1987) divided the products o f invert alkaline destruction into three major groups: (1) ^ Cg- 
carboxylic acids (lactic acid, saccharinic acid, glyceric acid, 2-methylglyceric acids, 2,4-
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Dihydroxybutyric acid, formic acid and acetic acid, etc.), which exist in their ionic forms. 
This group o f acids has been quantitatively analyzed by HPLC (Rokushika, S., et al., 1982; 
Kubadinow, 1982; de Bruijn, 1986). (2) > Cg-carboxylic acids with molecular weights o f 
300 to 5000, which correspond to di-, tri- and up to polysaccharide moieties, and containing 
conjugated enol carbonyl moieties and carboxylate groups. (3) Miscellaneous neutral 
products including volatile non-acidic compounds and cyclic unsaturated aldehydes or 
ketoses, which are only formed in trace amounts. Several investigators (Liggett and Deitz, 
1954; Kort, Birch and Parker, 1979; Fleming, et al. 1971) thought the second group o f 
compounds were related to the color formation during the alkaline degradation process.
The mechanism o f the formation o f carboxylic acids through invert alkaline 
degradation has thoroughly studied and summarized by de Bruijn (1986b). The enediol form 
o f sugar anions first undergoes ^-elimination to form a-dicarbonyl species. Then these 
dicarbonyl intermediates may undergo several pathways such benzilic acid rearrangement, 
a-dicarbonyl cleavage, or aldolization to form formic acid, acetic acid, glyceric acid, lactic 
acid and all kinds o f saccharinic acids. The composition o f the degradation products o f 
invert is affected by the concentration o f monosaccharide, the concentration o f hydroxyl 
ions, the nature o f base and the presence o f oxygen. However, only C-6 saccharinic acids 
and lactic acid undergo any major change according to de Bruijn (1987).
It has been ascertained that the selectivity towards lactic acid increases when the 
hydroxyl ion concentration is raised and the composition o f reaction products is independent 
o f the reaction temperature (de Bruijn, 1986b). The total amount o f formic, acetic, glyceric 
acid and the total amount o f saccharinic acids decreases.
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It was found that the cation o f the base influences the degradation pattern (de Wit, 
1979). Particularly divalent cations favor lactic acid formation, whereas the amounts o f C, 
to C j  acids such as formic acid and acetic acid decrease.
It has been found that the product composition largely depends on the 
monosaccharide concentration. The products o f alkaline degradation in very diluted glucose 
solution are almost < C6-carboxylic acids. The degradation o f concentrated 
monosaccharide solution results in the formation o f substantial amounts o f > C6-carboxylic 
acids due to aldol condensation reactions o f monosaccharide moieties (de Bruijn, 1986a). 
But even at very diluted pure fructose solution, the colorant (which is not a carboxylic acid) 
is a major product o f alkaline degradation.
Dissolved molecular oxygen accelerates the degradation o f both glucose and 
fructose in alkaline and in neutral solution (Honig, 1953). Most o f studies o f invert 
degradation are under nitrogen. When molecular oxygen is supplied the reaction becomes 
more selective by increased C1-C2 bond cleavage. The main products are formic acid and 
D-arabinonic acid (McGinnis, 1971; Honig 1953), besides small amounts o f D-erythronic 
acid, D-glyceric acid, and glycolic acid. In many stages o f sugar refining, the oxidation 
degradation o f invert sugar should be considered because the presence o f molecular oxygen 
which may dissolve in the sugar solution during afrSnation and carbonation. Evaporation and 
crystallization are under vacuum and high temperature conditions, dissolved oxygen can be 
driven out and the oxidation degradation o f invert can be neglected. The destruction of 
invert sugar mainly occurs in preliming-carbonation stage, which can not exclude oxygen.
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thus obtain the experimental condition as close to the refining condition as possible, this 
study is not performed under nitrogen.
The formation and production o f organic acids and the subsequent sugar loss in cane 
juice and beet juice preliming and clarification has been investigated by many sugar 
technologists (Stringer et al., 1989; Sargent et al., 1991). In some cane sugar factories, 
syrup is exposed to conditions o f very high pH during the preparation o f lime saccharate 
which is used for preliming. In the “ lime saccharate tank” , the ratio o f syrup (69 to 70 Bx) 
to milk o f lime (3.5 M) is about 3:1, and temperature is 50 to 70 C. The study o f Stringer 
et al (1989) under the “ lime saccharate tank” conditions demonstrated significant destruction 
o f both invert and sucrose. As lime saccharate was recirculated back into the juice stream 
during preliming, there was an overall drop in invert level and an increase in organic acid 
and therefore ash level. The study under cane sugar refining conditions has not been 
conducted systematically. Oldfield et al. (1957) published their research results o f the 
destruction o f sucrose and invert sugar and the formation o f lactic acid in relation to sugar 
loss in beet juice processing. They found that the yield o f lactic acid from invert sugar at 95 
°C was pH, temperature, and concentration related. The presence o f lactic acid increased 
the hardness o f secondary carbonated juice and the yield o f final molasses because o f the 
solubility o f calcium lactate. In addition, the presence o f lactic acid decreased the effective 
alkalinity o f thick juice, thus more soda ash was needed, which was highly melassigenic.
The study o f de W it (1979) found that at 5 °C, 0.1 M glucose in 1.22 M  KOH, under 
nitrogen, for 3.5 months, the mole percent o f lactic acid in reaction mixture was 73, the total 
monosaccharides left was 1.2 mol%. The production o f lactic acid in glucose solution was
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41.4%, and the production o f lactic acid in fructose solution was 42.02% (79 mol%). The 
production o f saccharinic acid was about 8 to 10% (de W it, 1979). Another data set 
provided by de Bruijn (1987) indicated the effect o f the nature o f base on the production o f 
lactic acid when the concentration o f hydroxyl ions was 0.03 M, at 78 "C and under 
nitrogen. The conversion o f fructose was 100% after 4 hours reaction. With KOH as base, 
the production o f lactic acid and saccharinic acid (mainly metasaccharinic acid) was 12.5% 
and 22.5%, respectively. When Ca(OH); as base, the production o f lactic acid and total 
saccharinic acid was 27.3% and 15.4%, respectively.
1.5.2 Colorants
Colorants, which directly relate to the alkaline degradation are not included in de 
Bruijn’s classification. The major task o f sugar refining is decolorization and color formation 
is mainly a consequence o f the degradation o f invert sugar under refining conditions. It was 
found by Ramaiah and Kumar (1968) that when heating 0.555 M  solutions o f reducing 
sugars in 0.625 N NaOH solutions at 60 - 70 °C, there was a definite induction period 
before color was developed, but this period was eliminated by external addition o f lactic 
acid. This may suggest that the formation o f organic acid is the first step o f color formation 
by invert degradation. Vukov (1965b) found that color produced from invert by alkali 
reached a maximum at pH 11 to 11.2 and then decreased linearly. During the decomposition 
o f glucose under optimal conditions for color formation, the conversion into the colored 
products was around 17% and was increased in the presence o f amino acids (Underwood 
and Lento, 1958).
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Studies o f color transformation from liquor to sucrose crystals show that 66% o f the 
afFinated crystal color is associated with high molecular weights colorants (Godshell and 
Clarke, 1988; Lionnet, 1991) and that the higher the feed color, the higher the color in 
sucrose crystals (Donovan and Williams, 1992). Although the colorants formed by invert 
alkaline degradation have medium to high molecular weight and are intermediate pH- 
sensitive, they are not easily removed by clarification methods such as carbonation or 
phosphatation, and decolorization techniques such as bone char and ion exchange (Smith, 
1964), these colorants have lower tendency to be occluded into the sucrose crystal than 
either residual phenolics or other plant derived colorants ( Riffer, 1988; Clarke, 1988). Ion 
exchange has been applied in many refineries as an efficient decolorization technique, but 
ion exchange and phosphatation have higher color transfers than sulphitation and 
carbonation (Lionnet, 1991). Membrane filtration is a new approach o f decolorization, and 
is very eflBcient to reduce color transfer from feed liquor to crystals. 0.2 micron membrane 
removed 25% o f color in melt liquor, and 0.04 micron membrane removed approximate 
55% o f color that remained in the permeate from 0.2 micron membrane (Donovan and 
Williams, 1992). Different membranes have been tested to clarify sugar cane juice to directly 
produce white sugar in sugar mill (Saska, 1995).
1.6 Conclusions
Through the review o f literature on the chemical and physical characteristics o f 
invert sugar and many investigations o f reactions o f invert sugar in water solution, it is 
evident that the degradation o f invert in alkaline solution is a multiple step reaction with 
enediol ions as the key intermediates and organic acids (also called carboxylic acids) as final
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products. As de Bruijn (1986) pointed out the present knowledge o f the role o f each 
variable in the degradation reaction o f invert sugar is rather small. Systematic investigations 
are needed in order to determine the influence o f a number o f variables such as pH, 
monosaccharide concentration, nature o f base, and sucrose, etc. on both reaction rate and 
product composition. In addition, the behavior o f invert in sugar refining and the effect o f 
invert degradation on refining are not clear. Only through the systematic studies under 
refining conditions can we conclude whether it is beneficial or not, to destroy invert sugar 
in sugar refinery.
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CHAPTER 2 THE DEGRADATION OF PURE INVERT SUGAR 
IN ALKALINE SOLUTION
2.1 Introduction
Early kinetic studies o f pure invert degradation in alkaline solutions have illustrated 
that the reaction o f invert degradation is a first-order reaction, i.e, the reaction rate is 
proportional to the concentration o f invert. The degradation is affected significantly by 
temperature, pH, the presence o f sucrose and other impurities, such as cations (K*, Na', 
Ca ,^ and Mg=* etc) and amino acids. However, in earlier studies, invert sugar concentration 
was measured by chemical titration methods. Traditional and official methods to determine 
total reducing sugar include Lane- Eynon volumetric method for raw sugar (GSl/3/7-3, 
1994) , the Berlin Institute method (Honig, 1953), the Ofher method and Knight-Allen 
EOT A  method for refined sugar (GS2/3-5, 1994) in sugar industry. These methods are all 
based upon the reduction o f copper (H) complex with tartaric acid in alkaline solutions with 
varying degrees o f alkalinity. However, these methods can not differentiate individual 
sugars in the mixture, but measure the total amount o f reducing compounds. The 
concentration o f total reducing material is higher than the concentration o f invert, thus the 
rate constants o f degradation determined by titration will be smaller than the true rate 
constants. Another problem o f these methods is that invert sugars undergo further reactions 
quickly and may not be accounted for by a copper titration analysis. HPLC has been used 
broadly since 1970's in sugar technology research (Clarke and Brannan, 1978; Wnukowski, 
1983; Plews, 1990). HPLC was recommended as a tentative method to determine sucrose, 
glucose and fructose in cane molasses in 21th ICUMSA (1994) (GS7 - 23). Some o f the
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
studies did employ modem analytical techniques, but were under nitrogen which avoided 
the oxidation degradation due to the presence o f dissolved oxygen. Invert degradation under 
refining conditions involves oxidation degradation, especially, during carbonation because 
the mixture o f carbon dioxide and air is used for carbonation. The investigation results w ill 
be reported on alkaline degradation kinetics o f pure invert sugar in the presence o f oxygen, 
the effects o f pH, temperature, the nature o f base and the presence o f sucrose on rate 
constant and activation energy o f degradation under the condition similar to that o f sugar 
refining.
2.2 Materials and Methods
2.2.1 Materials
Sugars: The pure sugars used in this research including D-glucose, D-fhictose, 
mannose, psicose and sucrose were the products o f Sigma Chemical Company (St. Louis, 
MO).
Alkaline chemicals: Calcium oxide (CaO, Mallinckrodt Chemical, Analytical Grade 
Reagent, 15% CaO suspension was used). Sodium hydroxide (NaOH, 50% solution, 
analytical grade, Fisher Science. Prepared as 5 M  solution). Potassium hydroxide (KOH, 
solid. General Grade, EM Science. Prepared as 5 M solution).
Equipment: A  water jacket beaker reactor (1.0 liter), circulating temperature 
controlled water bath, pH meter (ORION), magnesium stirrer.
Analysis equipment: Waters High-Performance-Liquid-Chromatography system
Other materials: glass, disposable pipettes, syringes, m icrofilter (0.45 pm), and 
disposable sample vials.
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2.2.2 Methods
The selection o f experiment parameters: The parameters in present experiments were 
chosen based on the sugar refining conditions, pH range from 9 to 11, temperature range 
from 70 to 90 °C, and the concentration o f invert sugar ranged from 0.02 to 0.04 M.
Methods o f sample analysis: An HPLC method using a post column derivatization 
reaction procedure (Wnukoski, 1983) was used in tfiis study. Chromatography conditions 
are described in Table 2.1.
Table 2.1 Chromatography conditions o f invert analysis
Column 4.6 mm x 250 mm steel cartridge column containing 4 pm Nova- 
pack* spherical silica bonded with trifunctional amino propylsilane.
Injector WISP 710 B Automatic Injector (driven by 40 psi compressed air)
Detector 486 Tunable Absorbance Detector at wavelength 430 nm
Integrator Waters 730 Data Model
Mobile phase 80% acetonitrile (acetonitrile : water = 80 : 20 in volume). The 
solvent was sonicating for 30 minutes before use. The flow  rate o f the 
solvent was 0 . 8  ml/min
Post column
derivatizing
reagent
Tetrozulium blue chloride solution. The solution was prepared by 
dissolving 2.000 grams o f tetrozulium blue in 1.0 liter o f 0.1 N 
sodium hydroxide, then filtered through 0.2 pm filter. The solution 
was stored in a stainless steel tank under nitrogen or helium. The tank 
can withstand 145 psi pressure. This reagent was added to the mobile 
phase outlet from the chromatographic column by 1 0 0  psi pressure 
from compressed inert gas (nitrogen or helium).
Temperature Separation at room temperature 
Coloring reaction at 90 °C
Calibration o f HPLC; External standard method was used for all sample analyses. 
The system was calibrated every 10 injections to ensure the accuracy o f analysis because the
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response factor o f HPLC would decrease with increasing number o f injections. Three 
standards were prepared fo r each sugar. Figure 2.1 is the calibration curve o f glucose and 
fructose. It can be seen from the figure that the response factor o f glucose is larger than o f 
fiaictose, i.e., more glucose is needed to get a detectable peak.
♦ glucose 
■ fructose
50 -
40 -
30 -
20 -
Concentration (n%/L)
Figure 2.1 Standard calibration curve o f glucose and fructose as 
determined by HPLC
Experiments: Invert sugar solutions were made by dissolving equal amounts o f 
glucose and fructose (accurate to 0.001 g) in a 1,000 ml flask with deionized water. The 
reactions were conducted in a jacketed beaker reactor connected with a temperature 
controlled circulating water bath. The water in water bath was preheated to the desired 
temperature, then the invert solution was charged into the reactor and heated rapidly to the 
desired temperature (usually in 15 minutes) before adding the base. The reactor was placed 
on the surface o f a magnetic stir. The solution was stirred throughout the experiment to
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maintain the homogeneity. When temperature reached the desired value, a pH electrode 
was inserted into the solution, then base was quickly added to obtain the desired pH. During 
the test, the pH was manually controlled by adding base solutions. Sampling was done by 
withdrawing the solution with a 2 0  ml syringe and injecting it into 2 0  ml glass bottles, then 
the bottle was placed in iced water to quench the reaction. The samples were then stored 
in the freezer for further analysis. The sampling interval varied according to the reaction 
conditions. Ten samples were taken for each determination.
Samples were quantitatively diluted and filtered through 0.45 p.m filters. The filtrates 
were injected into the HPLC system to determine the concentration o f invert sugar not 
degraded. Injection volume was 15 |il. Glucose and fructose were separated due to their 
different affinities to stationary phase o f column, thus different retention time in the colunm. 
A fter separation, the fructose flew out first then the glucose. They reacted with 0.2% 
tétrazolium blue chloride in 0 . 1  N sodium hydroxyl solution at 90 °C in the heating coil 
respectively and formed dark blue pigments with maximum absorbances at 430 nm.
2.3 Results and Discussion
2.3.1 Determination of reaction order of invert alkaline degradation
The order o f a reaction is an experimental quantity which provides information about 
how reaction rate correlates to concentration. There are two commonly employed methods 
to determine the order o f a reaction: integration method and differential method.
Integration method uses expressions relating the concentration to the time o f various 
orders, and fits the appropriate expression to the experimental data. I f  there is a good fit, 
the equation chosen is applicable, and the rate constant can be calculated by the
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equation. The procedure Is repeated with another order, until the fit is satisfactory. The 
disadvantage o f this method is that it is not always reliable especially when the mechanism 
is complicated.
Differential method determines the actual rate o f reactions by measuring slopes o f 
concentration-time curves. The rate o f a unit reaction may be related to the concentration 
o f reactant by the equations (2 - 1 ) and (2 -2 );
F(t) = kC (t) ( 2 - 1 )
log[F(t)] = logk + n log[C (t)] (2-2)
Where Fis reaction rate, C is the concentration o f reactant, and k is the rate constant.This 
method is considered as the most reliable method (McGraw, 1965).
Both differential method and integration method were empolyed to calculate reaction 
order in the study.
I. Differential method
Experiments were performed at three initial invert concentrations, constant pH
I I.0  and 90 °C, the average concentrations and reaction rates were calculated by 
equation (2-3) and (2-4).
Cij = (Q  + q )/2  (2 -3 )
Vjj=-AC/At = - (Cj-Cj)/( tj-tj) (2-4)
where Q and Cj are the concentration o f invert at time t; and tj. Cjj is the average o f Q  and 
Cj. Vjj is the average reaction rate in time interval tj-t^ . Plotting logPjj vs log Q j for each 
initial invert concentration, three straight lines were obtained. The slopes (reaction order 
n), and the intercepts (logk) are shown in Table 2.2.
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The t-test failed to reject the null hypothesis; n = 1.0000. The conclusion is, 
therefore, that the overall reaction o f invert alkaline degradation is first order. This is 
consistent with the result o f Ivanov and Sapronov (1966) in the pH range o f 7 to 12.
Table 2.2 The reaction order and rate constant o f invert degradation determined 
by differential method at 90 "C, pH 1 1.0 (15% CaO)
Co(mgÆ.) Regression equation n k(min ')
3,600 logF=1.0396*logC-0.8893 0.9934 1.0396 0.1290
5,400 log V =1.0607*logC-0.999 0.9704 1.0607 0 . 1 0 0 2
7,200 log F=1.0512*logC-0.9698 0.9639 1.0512 0.1072
Mean 1.0505 0 . 1 1 2 1
Std. Dev. 0.0106 0.0150
2. Integration method
The experimental data were directly fitted to a mathematic model by least square 
nonlinear regression, and the functional relationship between the concentration o f reactant 
and reaction time was exponential. That would indicate that the reaction is first-order.
C(t) = f  (t) = [CJexp(-kt) (2-5)
where [C^] is the initial concentration o f reactant in mg/L, and k is rate constant in min '.
The excellent fit o f experimental data to an exponential equation at different initial 
concentrations o f invert demonstrate that the alkaline degradation o f invert sugar is a first- 
order reaction.
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Table 2.3 The reaction order and rate constant o f invert degradation
determined by integration method at 90 "C, pH I I .  0 (15% CaO)
C„ (mg/L) Regression
equation
R: k(min ')
3,600 C=3580.8 e 0.9968 0.1815
5,400 C=55l4.4e 0.9871 0.1621
7,200 C=6946 e 0.9946 0.1678
Mean 0.1706
Std.Dev. 0 . 0 1 0 1
2.3.2 Simplification of kinetic models
The kinetic models derived by de W it (1979), and by de W ilt and Lindhout (1973) 
reflect the mechanism and the role o f enediol ions as an important intermediate during the 
degradation o f monosaccharides the most, but the models involve sugar anions which are 
difficult to be determined.
By injecting solutions o f pure psicose, fructose, mannose, and glucose into HPLC 
system, the retention time o f them were found to be 9.65, 11.70, 12.03 and 13.39 minutes, 
respectively. Figure 2.2 is the chromatogram o f the separation o f glucose, fructose, mannose 
and psicose. Injection volume was 10 pi. The concentration o f glucose, fructose, mannose 
and psicose are 1 0  ppm, 10 ppm, 19 ppm and 19 ppm. It can be seen that the difference in 
retention time between mannose and glucose was too small to get complete separation o f 
them under the condition described above, and the response o f mannose was too small 
compared with other sugars. The chromatogram o f an experiment sample (Figure 2.3) did 
not show the peaks o f psicose and mannose because 1 ) their concentrations might be too
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low to be detected by the HPLC system, 2) the peaks o f mannose and glucose overlaid. 
Therefore, the measurement o f glucose might include mannose.
0£0‘4C00S.OXL? Satmp/e âxLg/a fTOppmXfnan.psa(73pp/r
m A U
70
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Figure 2.2 Chromatogram o f the separation o f the mixture o f psicose,
fructose, mannose and glucose (flow  rate o f solvent=0.8 ml/L 
and injection volume = 1 0  jil)
?
Figure 2.3 The chromatogram o f the separation o f monosaccharides
o f invert alkaline solution (pH 11.0, 90 °C, and CaO as base)
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To emphasize the role o f enediol ions, the kinetic model developed by de W ilt and 
Lindhout (1973) was applied and was further simplified in Figure 2.4 according to following 
assumptions;
1) The conversions between glucose and its anions, fhictose and its anions are very 
fast, and these interconversion reactions are in a fast equilibrium state. The concentrations 
o f glucose and fructose measured by HPLC include the concentrations o f their anions.
2) The presence o f psicose in the mixture can be ignored, and mannose and glucose 
together can be treated as glucose.
3) The enediol anions intermediates have pseudo steady-state concentrations during 
the reaction, i.e., dE'/dt=0 since the concentration o f enediol anions are very low (less than 
1 mol% o f total sugars) in the equilibrium mixture (de Wit, 1979).
4) The formation o f enediol anions from sugar anions is the rate-limiting step o f 
invert degradation.
Figure 2.4 Simplified kinetic model o f invert alkaline degradation (G=glucose, 
F=ffuctose, E=enediol ions and A=acids)
From this model, the kinetic equation o f the degradation o f glucose and fhictose 
can be derived as follows:
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The degradation rate o f glucose:
-dG /dt = At, [G ]-^ ,[E -] (2-5)
The degradation rate o f fructose:
- dF/dt = k j [ F ]  -  Ar,[E ] (2-6)
E' is in steady state:
dEVdt = A:,[G] +A:3 [F] - k ^ \E '] - k ,  [E’] - k , \ E ' ]  = 0 (2-7)
then [E-] = {Ar.[G] + k , [F ] }/ ( k ,  + k , + k , )  (2-8)
thus,
- dG/dt = ( A:, ^ 4  + A:, k s ) {G ] / (At, + k ^ + k ^ ) - A, + k ^ + k s ) (2 -9 )
- dF/dt = (A, A3  + A3 A3  )[F] / (A, + A4 +A3 ) - A, A^  [G]/ (A, + A4 +A3 ) (2-10)
The concentration o f invert at time t is:
[C] = [G] + [F] (2-11)
The overall degradation rate o f invert is
- dC/dt = (-dG/dt) + (-dF/dt)
= k,k^ \Gy(k2 + A4+A3) + AjAj[F]/(A3 + A4+A3) (2-12)
Since the degradation o f glucose, fructose and the total invert sugar are pseudo first-order 
reaction, we have [G] = [G„]exp(-kg t), [F] = [FJexp(-k ^  t) and C = [CJexp(-k t) where 
[GJ, [ FJand [CJ are the initial concentration o f glucose, fructose and total invert, k, kg and 
k f are the apparent rate constants o f invert, glucose and fhictose degradation and can be 
determined by experiments. Thus,
-dG/dt = kg[GJ exp (-kg t) =kg[G] (2-13)
-dF/dt = kf [FJexp(-kft) = kf[F ] (2-14)
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-dC/dt = k [CJexp(-k t) = k [C] (2-15)
The overall degradation rate o f invert is
-dC /dt = kg[G] + k f[F ] (2-16)
Comparing equation (2 - 1 2 ) w ith (2-16), we have
kg =^/V(Âr, + k ^ + k s ) (2-17)
kf= k j k j / { k ,  - ^ k i+ k s )  (2-18)
kg/kf= k , / k j  (2-19)
As we can see from equations (2-17) and (2-18) that the unknown parameters can 
not be solved by these equations because the number o f equations (2-17 to 2-19) are less 
than the number o f unknown variables . However, it can be seen from these equations that 
the ratio o f kg/kf is equal to the ratio o f k , / k j .  This demonstrate that the degradation rates 
o f glucose and fructose are determined by the rate o f enediol ions formation from 
corresponding sugars.
2.3.3 Factors influencing the kinetic behavior of invert sugar
The equation derived by Vukov in (1965a) is the only equation which reflects the 
effects o f temperature and pH on the specific reaction rate o f decomposition o f the hexose 
mixture from pH 10 and 12.5 and temperatures from 60 to 130 ®C. This equation is still in 
use today (Bubnik et al, 1995). According to this equation, the activation energy o f invert 
degradation is 25.734 kcal/mol, the frequency factor is 16.9. But this equation was based 
on the data from the experiments in buffer solution and under nitrogen. Experiments in this 
study were conducted without nitrogen and buffering agents.
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1. The effect o f pH and temperature on the rate constant o f pure invert sugar degradation
A number o f experiments have been done to investigate the effect o f pH and 
temperature on the rate constant o f pure invert alkaline degradation. In ail experiments, the 
initial concentrations o f invert were the same (Co=5,000 mg/L), temperature ranges from 
70 to 90 “C, pH ranged from 9.0 to 11.0 adjusted by 15% CaO suspension. The 
concentrations o f residual glucose and fiuctose at different reaction time were measured and 
were fitted to the equation C = [C„] exp(-kt) by least square non-linear regression. Rate 
constants o f invert degradation were calculated directly from the regression equation.
Table 2.4 and Table 2.5 show that rate constants o f glucose, fructose and total invert 
degradation increased 4.5 to 7.5 times with one unit increase in pH at 80 °C, increased 3 to 
4 times with a 10 °C increase in temperature at pH 10.0, when the initial concentration o f 
invert was 5,000 mg/L (equal amount o f glucose and fructose), and Ca(0 H) 2  suspension 
was used as a base.
Table 2.4 The effect o f pH on rate constants o f invert degradation at 80 “C , 
with initial concentration o f 5,000 mg/L -
pH kf (min '*) k, (min ■*) k (min '") (kr+kJ/2 (min '*)
pH 9.0 0.0025 0.0014 0.0019 0 . 0 0 2 0
pH 10.0 0.0089 0.0086 0.0088 0.0088
pH 11.0 0.0667 0.0671 0.0669 0.0669
Table 2.4 and 2.5 also show that the rate constant o f fructose degradation was 
almost always larger than that o f glucose degradation under same conditions. This indicates
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that the conversion o f fixictose to enediol ions was faster than the conversion o f glucose to
enediol ions under the experimental conditions.
Table 2.5 The effect o f temperature on rate constant o f invert degradation 
at pH 10.0, with initial concentration o f invert 5,000 mg/L
Temperature (°C) kf (min "‘J k. (min ') k (min (kf+kJ / 2  (min '*)
70 0.0033 0 . 0 0 1 2 0 . 0 0 2 2 0.0025
80 0.0067 0.0056 0.0063 0.0062
90 0.0250 0.0230 0.0239 0.0240
A further analysis revealed that the rate constants o f total invert were the average 
o f the rate constants o f glucose and fhictose under the experiment conditions (Tables 2.4 
and 2.5). This was conjBrmed by the results o f other experiments in which NaOH, KOH and 
Ca(0 H ) 2  were used as bases (Table 2.6). Thus, we have equation (2-20). This relationship 
should be always correct because the total invert concentration is the sum o f the 
concentrations o f glucose and fructose, and rate constant is concentration independent at 
constant pH and temperature.
k = (kg+kf)/2 (2-20)
The experiments at each pH-temperature combination were triplicated. Rate 
constants from these experiments are listed in Table 2.7. The table shows that 1) rate 
constants increased 3 to 4.7 times when pH increased from 9.0 to 10.0, and about 6.5 times 
when pH increased from 10.0 to 11.0 at a constant temperature, 2) rate constants increased 
2.5 to 4 times with a 10 °C temperature increase within the range o f 70 to 90 °C. Therefore, 
the increase o f rate constant o f invert degradation is pH dependent. This is consistent with
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Table 2.6 The relationship among k, kg and kf under the experimental condition 
(pH=l 1.0, Cg=2,500 mg/L, Cf=2,500 mg/L)
kxlO"*
(m in ')
CaO KOH NaOH
70 °C 80 °C 90 "C 70 °C 80 “C 90 “C 70 °C 80 °C 90 “C
K 7.95 18.76 48.02 7.25 14.70 39.3 7.91 15.41 34.4
kf 8.03 17.60 47.32 5.78 12.90 34.87 6.64 14.3 32.78
k 7.99 18.20 47.72 6.47 13.60 37.70 7.25 14.85 33.56
(k.+kf) / 2 7.99 18.18 47.67 6.52 13.8 37.08 7.27 14.86 33.55
the result o f de Bruijn et al. (1987). The data in Table 2.7 are compared to the k values 
calculated by Vukov’s equation (equation 2-21). The results are shown in Table 2-8.
log k = 16.9 - 5620/T - pOH (2-21 )
Table 2.7 Rate constants o f invert alkaline degradation at different pH- temperature 
combinations at €^=5,000 mg/L, Ca(OH)i suspension as a base
Temp.
CC)
pH 9.0 pH 10.0 pH 11.0
k (min ')
fm in ’S
k (min ') ^^ ean
(min ■')
k (min ') ^^mean
(m in ')
70
0.000173
0.000183
0.00083
0.00086
0.0054
0.005570.00018 0.0008 0.0051
0 . 0 0 0 2 0 0.00091 0.0062
80
0.0008
0.00086
0.00252
0.00265
0.0171
0.0175
0.00086 0.00291 0.0172
0.00091 0.00252 0.0182
90
0.00176
0.00217
0.0104
0.0098
0.0675
0.0676
0.00184 0 . 0 1 0 2 0.0667
0.0029 0.0088 0.0686
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It can be seen that the k values from Vukov’s equation are lower than those from 
experiments. The lower the pH, the larger the difiference. One o f reasons is that Vukov’s 
equation was based on the rate constants measured in pH range 10 to 12.5 and under 
buffering condition. According to Vukov’s equation, the reaction rate increases 10 times 
with 1 unit increase in pH at constant temperatures. However, the experimental data did 
not show such a big difference.
The plot o f logk vs pH-(Figure 2.5) indicates that logk is proportional to pH or 
pOH, the slope is 0.712, which means that reaction rate increased only 5.15 times with one 
unit increase in pH at constant temperatures.
Table 2.8 The comparison o f experimental rate constants and the rate 
constants calculated by Vukov’s equation (equation 2-21) at 
pH 9.0 to 1 1.0, temperature 70 to 90 °C)
Experimental k x 10^  (min ') k X 1 0  ^(min ') by equation (2 -2 1 )
T(°C) pH9.0 pHlO.O pH ll.O pH9.0 pHlO.O pH ll.O
70 0.183 0 . 8 6 5.38 0.033 0.327 3.275
80 0 . 8 6 2.65 17.7 0.095 0.954 9.535
90 2.17 9.80 67.60 0.262 2.618 26.18
70 “C log k = 0.7465pH-10.490 = 0.9959
80 °C log k = 0.6549pH - 9.016 = 0.9790
90 “C log k = 0.7351pH-9.306 R  ^= 0.9960
The mean o f the coefficients above was 0.712.
(2-22)
(2-23)
(2-24)
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g) -2.000
9.0 10.0
pH
11.0
Figure 2.5 The relationship between logk and pH/pOH in the pH range 
o f 9.0 to 11.0, and the temperature range o f 70 to 90 °C, 
Ca(OH ) 2  as a base, initial invert concentration 5,000 mg/L
2. The effect o f pH on the activation energy o f invert alkaline degradation
It is generally accepted that hydroxyl ions act as a catalyst o f invert degradation, and 
the higher the hydroxyl ion concentration, the faster the reaction. Catalysts accelerate 
chemical reaction by lowering the activation energy. The Vukov (1965a) found that the 
activation energy o f invert degradation was temperature independent, and the activation 
energy in strong alkaline solution (pH = 12 to 13) was smaller (25 kcal/mol) than that in 
the weakly alkaline solution (pH <11, 26.71 kcal/mol) (Vukov, 1965). According to 
Arrhenuis equation
k = A*exp(-E/RT) (2-25)
logk = logA - E/RT (2-26)
(where A is a constant usually known as the frequency factor o f the reaction; E is the
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activation energy o f the reaction in J/mol or cal/mol; R is the gas constant, equal to 8.314 
J K ' mor‘ ; T is the reaction temperature iif K.), activation energy E was calculated by 
plotting logk + 0.712pOH vs 1/T, the slope is E/2.303R, and the intercept is logA. The 
results are shown in Figure 2.6 and Table 2.9.
I<N
O
+
t
1.0000 
0.8000 - 
0.6000 - 
0.4000 - 
0.2000 -  
0.0000 
- 0.2000 4 
-0.4000
♦  pH 9.0 
■ pH 10.0 
A  pH 11.0
0.00275 0.0028 0.00285
1/T(1/K)
0.0029 0.00295
Figure 2.6 logk + 0.712pOH in the pH range o f 9.0 to 11.0, and the 
temperature range o f 70 to 90 °C, CaCOH), as base, 
initial Invert concentration 5,000 mg/L.
It is apparent that increase in pH, i.e. the concentration o f OH', did not lower the 
activation energy. Under the experimental conditions (pH 9.0-11.0), the activation energy 
o f invert degradation was pH Independent and the value was 30.75 kcal/mol with a 
frequency factor 19.415 min''. The activation energy obtained by Sapronov (1969) at pH 
10 is 29.55 kcal/mol which is very close to the results in Table 2.9. Vukov’s equation thus 
can be rewritten as equation (2-27).
log k = 19.42 - 6712./T - 0.712pOH (2-27)
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Table 2.9 The effect o f pH on activation energy o f invert alkaline degradation 
[pH =9.0 - 11.0, T=70 - 90 “C, Ca(0 H ) 2  used as a base]
Temperature logk+0.712pOH
T(°C ) TC K ) pH9.0 pHlO.O pH ll.O
70 343 -0.1775 -0.2055 -0.1324
80 353 0.4945 0.4390 0.3999
90 363 0.8965 0.8770 0.9426
E(kcal/mol) 30.69 30.81 30.28
Mean o f E and std.dev.(kcal/mol) 30.75 ±0.278
LogA(min'*) 19.396 19.484 19.365
Mean o f A  and std.dev. (min'*) 19.415 ±0.062
To verify this equation, other experiments were performed at different pH and 
temperature combinations. The rate constants measured by fitting the data to exponential 
equation [C] = [Cojexp (-kt) were compared to the rate constants calculated by the equation 
(2-27). The results are listed in Table 2.10.
Table 2.10 The comparison o f rate constants k (min'*) measured by 
experiments and calculated by equations (2-27) and (2-21 )
Experimental k x 10  ^
(min -i)
k X 10^  (min '*) 
by equation (2-27)
k x  
by ecj
1 0  ^(min '*) 
uation (2 -2 1 )
T(°C ) pH
9.55
pH
1 0 . 0
pH
10.5
pH
9.55
pH
1 0 . 0
pH
10.5
pH
9.55
pH
1 0 . 0
pH
10.5
75 0.9 3.0 4.4 0.9 1.9 4.3 0 . 2 0.5 1 . 8
80 2 . 1 2 . 2 1 0 . 1 1.7 3.6 8 . 1 0.3 0.9 3.0
85 3.6 11.4 26.3 3.1 6 . 6 15 0 . 6 1.5 5.0
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Rate constants calculated by Vukov’s equation are far away from the experimental
values, whereas rate constants calculated by equation (2-27) are very close to the
experimental data. The lower rate constants calculated by Vukov’s equation may be due to
the effects o f buffering agent. Potassium dihydrogen phosphate (KH^POJ and calcium
lactate were used as buffers when Vukov measured the rate constants o f invert alkline
degradation in Ca(0 H ) 2  suspension (Vukov, 1965). Although the effect o f KH 1 PO4  is not
known, calcium lactate is one o f the products o f invert alkaline degradation in Ca(0 H ) 2
suspension, which has inhibitory effect on the degradation o f invert.
3. The effect o f the nature o f base on rate constant and activation energy o f invert alkaline 
degradation
Table 2.11 The effect o f the nature o f base on rate constant and activation energy o f 
invert alkaline degradation at pH 10.0 and pH 11.0 and Co=5,000 mg/L
k (min ') at pH 10.0 k (min ') at pH 11.0
T(°C) Ca(OH) 2 KOH NaOH Ca(OH) 2 KOH NaOH
70 0.0009 0.0014 0.0014 0.0054 0.0065 0.0072
80 0.0025 0.0035 0.0042 0.0176 0.0135 0.0015
90 0.0104 0.0088 0.0109 0.0641 0.0377 0.0336
E(kcal/mol) 30.11 26.96 25.82 30.28 21.79 18.97
LogA 20.09 18.19 17.58 2 0 . 0 0 16.65 14.93
Three bases Ca(0 H)2 , KOH and NaOH were used in this study. Experiments were 
performed at pH 10.0 to 11.0 and temperature 70, 80 and 90 °C for each base. The rate 
constants were calculated by non-linear regression. As shown Table 2.11, at 70 and 80 °C 
the rate constants were larger when KOH and NaOH were used as base than that when
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Ca(0 H ) 2  was used as base, the activation energies o f invert degradation in three base 
solutions were different, and were affected by pH o f the solutions with the exception o f 
Ca(0H)2.
The activation energy was lower when KOH and NaOH were used, and the higher 
the pH, the higher the concentrations o f K* and Na ", and the lower the activation energy. 
It was possible that besides the action o f hydroxyl ions, cations o f these bases influenced the 
rate constant o f invert degradation, because their concentrations differed at the same pH 
(Figure 2.7). Generally speaking, catalysts catalyze chemical reactions by lowering the 
activation energy. Therefore, K" and Na * had catalytic effect on invert alkaline degradation 
compared with Ca
12.00 1
10.00
8.00 -1
NaOH
KOH
Ca(0H)2
6.00Q.
4.00 i
2.00
0.00
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
nil o f alkaline solution
Figure 2.7 Titration curve o f invert solution at 80 °C (The concentrations 
o f all base solutions were 2.5 M , and the concentration o f invert 
was 5,000 mg/L.)
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The titration curve ( Figure 2.7) shows that to reach same pH in 5000 mg/L invert 
solution at 80 °C, a smaller volume o f Ca(OH); was needed. This is theoretically 
reasonable, because the complete disassociation o f one mole o f Ca(0 H ) 2  forms two moles 
o f OH , so the small amount o f Ca(0H)2 is needed to produce same amount o f OH , thus 
the lower concentration o f Ca than that o f K * or Na However, from pH 10.0 to 11.0, 
the concentration o f Ca ions increased 5 times, while the activation energy was not 
reduced. Therefore, Ca ions had no catalytic effect on invert alkaline degradation.
4. The effect o f sucrose on the degradation rate o f invert
Literature provides conflicting effects o f sucrose. The result o f Vukov’s 
investigation (1965a) showed an accelerating effect o f sucrose on the degradation o f invert. 
Sheng (1992) stated that the presence o f sucrose slowed down the degradation o f invert 
sugar but gave a darker solution. The following work has been done to clarify this problem.
Certain amount o f refined sugar and 5.000 g invert were dissolved in a flask with 
deionized water and made up to 1000 ml. The amount o f sucrose added was calculated 
using the specific gravity table (Chen and Chou, 1993) such that the resulting concentrations 
were 35 , 50 and 60%. The solution was heated to 85 °C in 15 to 17 minutes, the initial 
sample (t=0) was then removed and pH o f the solution was adjusted to 10.5 with 15% CaO 
suspension in about 30 seconds. Samples were withdrawn periodically and quenched in ice 
bath. pH was maintained constant by adding the milk o f lime. Rate constants were measured 
and listed in Table 2.12.
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Table 2.12 The effect o f sucrose concentration on rate constant o f invert 
degradation at pH 10.5, 85 “C, Ca(0H)2 as a base
% Sucrose 0% 35% 50% 60%
k (min ') 0.0139 0.0314 0.0332 0.0386
Comparing with the rate constant o f pure invert degradation at the same pH and 
temperature, one can see that the degradation rate increased with the increase in sucrose 
concentration. At pH 10.5 and 85 °C, the rate constant increased approximately 0.004 min ' 
(12%) with 10% increase in sucrose concentration. According to Vukov (1965a), sucrose 
accelerating invert degradation was because the presence o f sucrose increased the solubility 
o f lime.
XCX
11 1
10 -j 
9 ^
8  J
iî
3 - 
2 -  
1 -  
0 —
0 0.5 1 1.5 2 2.5
mlofCa(OH):
3.5
Figure 2.8 The effect o f sucrose concentration on pH o f aqueous solution 
at 85 °C, concentration o f Ca(0H)2 suspension 2.5 M. ♦Pure 
deionized water, «5,000 mg/L invert solution, Alnvert + 10% 
sucrose, x Invert + 20% sucrose and* invert + 30% sucrose
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The effect o f sucrose concentration on pH measurement should not be neglected. 
The titration curves (Figure 2.8) showed that the concentration o f sucrose influenced the 
measurement o f pH. The pH reading was lower in sucrose solutions than in aqueous 
solutions when an equal amount o f Ca(OH); suspension was added in solutions. The higher 
concentration o f sucrose, the lower was the pH value.
Any pH electrode behaves according to Nemst equation: E = E° + 0.0591 log[aHj. 
The usefulness and accuracy o f an electrode are judged by the closeness o f its response to 
the theoretical slope. When electrodes are in sucrose solutions, their response is not 
Nemstian: the slopes are considerably o ff the theoretical values (Clarke, 1971).
Clarke (1971) explained the effect o f sugar solutions on electrode performance by 
structural theories o f solutions. One o f the principal structural concepts related to the 
sucrose solution chemistiy is Frank-Evans iceberg theory. The theory considered that when 
a non-polar molecule is dissolved in water, a microscopic “ iceberg” , part o f a larger cluster 
o f water molecules, would form around it, causing a loss o f entropy and a decrease in the 
total volume o f solution. This means that the dissolution o f a non-polar molecule, such as 
sucrose, modifies the structure o f water in the direction o f greater crystallinity, i.e., the 
hydrogen-bonding is increased. The greater number o f bonds associated with a water 
molecule, the lower is the energy level o f the molecule, thus the more stable is the solution. 
The electrical double layer structure and the behavior o f ions in this layer control the 
response o f the pH electrode. In sucrose solution, cations are surrounded by ordered 
structures o f sucrose and water, so that the charge and the effective radius o f the cation 
increase. The electrode, therefore, responds to a different concentration o f ions from that
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in aqueous solution. It can be concluded that the concentration o f OH in the presence o f 
sucrose is higher than that without sucrose, when pH reading is the same. The degradation 
o f invert is, therefore, faster at the presence o f sucrose.
2.4 Conclusions
The first-order reaction kinetics o f invert alkaline degradation was demonstrated for 
the pH range o f 9.0 - I I  .0 and temperature range o f 70 - 90 ®C.
Based on the mechanism o f monosaccharide degradation, the kinetic model o f invert 
alkaline degradation was simplified (Figure 2.4). According to this model, the degradation 
rates o f glucose and fitictose were proportional to the formation rates o f enediol ions from 
glucose and fructose, respectively.
The rate constant o f total invert degradation is equal to the average o f the rate 
constants o f glucose and fhictose degradation under the conditions applied in the studies.
The effects o f pH and temperature on rate constants o f invert degradation when 
Ca(OH) 2  suspension was used could be expressed as equation (2-27) 
log k =19.415 - 6712.267/T - 0.712pOH
According to tfiis equation, rate constants increase 3 to 4 times with a 10 °C increase 
in temperature at constant pH, which is very close to experiment results. At constant 
temperature, the rate constant is proportional to the concentration o f hydroxyl ions and rate 
constants increase 5 to 6 time with one unit increase in pH.
At a constant temperature, which ensures the constant frequency factor, the 
activation energy o f invert degradation was pH independent when Ca(OH) % suspension was
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used. In the pH range 9 to 11, temperature 70 to 90 °C and Ca(OH), suspension as base, 
the activation energy was 30.75 kcal/mol.
The nature o f base had different impacts on the rate constant the activation energy 
o f invert degradation. Na * has stronger catalytic effect than K*, wherease Ca~* showed no 
catalytic effect on invert degradation o f invert because the activation energy o f invert 
degradation did not change due to the increase o f Ca~* ions concentration.
The presence o f sucrose accelerated the degradation o f invert sugar, and the higher 
the sucrose concentration, the larger the rate constant. The effect o f sucrose on the 
degradation rate was resulted from the influence o f sucrose concentration on the behavior 
o f pH electrode. pH reading was lower in the sucrose solution than that in the aqueous 
solution without sucrose when the concentration o f hydroxyl ions were the same. In 
another words, sucrose solution haad higher concentration o f OH' than the aqueous solution 
w ithout sucrose, when pH reading was unchanged. As a result, the degradation o f invert 
was faster in the presence o f sucrose.
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CHAPTER 3 LACTIC ACID FORMATION FROM 
INVERT ALKALINE DEGRADATION
3.1 Introduction
One o f the most important effects o f invert degradation in alkaline solution is the 
formation o f carboxylic acids. These acids cause undesirable pH drops in the evaporators, 
thus the loss o f sucrose due to acidic conversion (de Bruijn, 1987). The formation o f 
organic acids and aldehydes was said to be the first step o f color formation through invert 
degradation during sugar refining (Gillett, 1953; Ramaiah et al, 1968). The most recent 
study (Godshall, 1997) found the strongest correlation between white sugar color and lactic 
acid among many organic acids such as pyrrolidone-carboxylic acid, glycolic acid and 
glyceric acid. Organic acids formed through invert alkaline degradation exit in the form o f 
anions. These anions can be determined by IC (de Bruijn, 1984; Tusseau and Benoit, 1987).
The formation and production o f organic acids and the subsequent sugar loss during 
cane juice and beet juice preliming and clarification have been investigated by many sugar 
technologists (Stringer et ai., 1989; Sargent et al., 1991). Research o f pure invert 
degradation at very low temperatures and very high alkalinity (0. IM  sugar, 1.22 M KOH, 
5 C, N i, 3.5 months) exhibited that 46.02% lactic acid was produced from fiuctose and 
36.5% from glucose on the weight basis (de Wit, 1979). A  recent study (de Bruijn, 1987) 
o f the composition o f invert alkaline degradation products illustrated that the production o f 
lactic acid depended on the concentration o f invert and o f hydroxyl ions, but not on 
temperature. After a complete conversion o f 0.025 M D-glucose and D-fructose at 78 °C  
(0.03 M  KOH, Nj, 7 hours), the production o f lactic acid was 17 mol% for glucose and 25
61
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mol% for fructose. When Ca(0H)2 was used instead o f KOH, the production o f lactic acid 
increased up to 54.6 mol % (27.3 % on the weight). These results indicate that low 
temperature, high alkalinity and Ca *^ favor the formation o f lactic acid.
Most investigations on the formation o f lactic acid during sugar processing and the 
effects o f this acid on process were conducted in the beet sugar industry. Besides the action 
o f bacteria during beet juice difiiision, the formation o f organic acids including lactic acid 
took place mainly in liming, first carbonation and first effect evaporation due to high pH and 
high temperature (Oldfield, et al., 1957). The organic acids formed via invert degradation 
could not be removed by conventional clarification method such as carbonation and 
phosphatation because the calcium salts o f these organic acids are water soluble (Sargent, 
et al., 1991). For example, the solubility o f calcium lactate at 30 °C is 7.9 g/100 g water, the 
solubility o f calcium formate and calcium acetate are 16.6 and 39.5 g/100 g water at 20 °C, 
and 18.4 and 34.3 g/100 g water at 100 °C (Bubnik, et al, 1995).
The study o f lactic acid formation under cane sugar refining conditions has not been 
conducted systematically. This chapter describes the formation o f lactic acid, one o f the 
major components among the organic acids formed via the degradation o f pure invert sugar 
in alkaline solutions, the effect o f temperature, pH, the nature o f base and sucrose 
concentration on the formation o f lactic acid under the conditions similar to that applied to 
refining process.
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3.2 Materials and methods
3. 2.1 Materials
Sugars: D-glucose, D-fructose, and sucrose were purchased from Sigma Chemical 
Company (St. Louis. MO).
Alkaline chemicals: Calcium oxide (CaO) was purchased from Mallinckrodt 
Chemical Company (paris, KY). Sodium hydroxide (NaOH) and Potassium hydroxide 
(KOH) were obtained from EM Science (Cherry H ill, NJ). 15% CaO suspension, 5 M 
NaOH and 5 M KOH solutions were prepared for experiments.
Lactic acid (40 mg/L): From Sigma Company (St. Louis. MO). It was used as 
standard. This solution was diluted sequentially to 4, 8  and 16 mg/L.
3.2. 2 Methods
Three initial invert concentrations were used to determine the effect o f invert 
concentration on the production o f lactic acid at constant pH and temperature. The effects 
o f pH and temperature on the formation o f lactic acid were conducted in the range o f pH
9.0 - 1 1.0, and temperature 70 - 90 “C. The sucrose effect on the formation o f lactic acid 
were examined by adding a certain amount o f invert to sucrose solutions o f different 
concentrations. The experiments were also conducted in 60% raw sugar solutions at 
different levels o f lime.
Analysis o f lactic acid: DIONEX Ion Chromatography system was used to separate 
the organic acids and to determine lactic acid quantitatively. The system consists o f BIO­
RAD Module AS-100 HPLC* automatic sampler, gradient pump, Dionex Conductivity 
Detector, Dionex Eluent degas Module and Dionex 4400 integrator. The column used is
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lONPAC *  ASH (4 X 250 mm) Analytical Column which is composed o f a 13 |im  highly 
cross-linked polythylvinylbenzene/divinylbenzene substrate agglomerated with anion 
exchange latex that has been completely aminated. The ion exchange capacity o f the column 
is 45 |j.eq/column. Gradient elution procedure was used for the better resolution. Mobile 
phases include Chromatography water (Eluent 1), 5 mM NaOH solution (Eluent 2) and 100 
mM NaOH solution (Eluent 3). The signal to noise ratio is improved by Cation Self- 
Regenerating Suppressor. The use o f chemical suppressor eliminates the conductivity o f 
eluent while the conductivity o f analyte is enhanced. Different flow rates and eluent 
gradients have been tried to get good resolution. The chromatography condition shown in 
table 3 . 1  gave the better result and were used through the study.
Table 3.1 Chromatography conditions for lactic acid analysis
Injection volume (pd) 2 0
Column temperature (°C) room temperature
Detector temperature (°C) room temperature
Flow rate o f eluent 1.5 ml/min
Sensitivity o f detector 1 0  pS
Gradient o f eluent Eluent 1 
(water^%
Eluent 2  (5 
mM NaOH) %
Eluents (100 
mM NaOH)%
time 0 -2 . 0  min 90 1 0 0
2.0-19.9 0 1 0 0 0
20-25.9 0 65 35
26.0 - 34.9 0 0 1 0 0
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Since the concentration o f lactic acid in standard solution was very low, lactic acid 
present in completely dissociated form, i.e, as lactate ions. Lactic acid formed during invert 
degradation was present in the form o f lactate no matter what kind o f alkaline agent was 
used due to the high solubility o f lactate salts in water (van der Poel, et al., 1990). 
Therefore, the lactic acid we measured by Ion Chromatography is actually lactate with 
molecular weight 89 rather than 90.
Invert analysis: An HPLC method using a post column derivatization reaction 
procedure (Wnukoski, 1983) was used.
3. 3 Results and Discussion
3.3 1 Determination of lactic acid
Figure 3.1 shows the perfect linear relationship between peak area and concentration 
o f lactic acid.
200 1
'9 150 4
O
%
§ 100 -
a
CL 50 4
0 -
y = 12.007x-6.58 
R- = 0.9967
4 8 12
Concentration o f lactic acid (mg/L)
16
Figure 3.1 Calibration curve o f standard lactic acid solution as determined 
by IC
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Figure 3.2 is the chromatogram o f the separation o f organic acids from the mixture 
o f invert degradation. The retention time o f lactic acid was 9.22 minutes when the flow rate 
o f eluent was I.O ml/min, and 6.85 minutes when the flow  rate o f eluent was 1.5 ml/min 
(other conditions in Table 3.1 were the same). The resolutions were the same at both flow 
rate. Therefore, 1.5 ml/min was used through the study to shorten the analysis time.
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Figure 3.2 The chromatogram o f the separation o f organic acids from the mixture o f invert 
alkaline degradation (a) flow rate =1.0 ml/min, (b) flow  rate =1.5 ml/min.
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3.3.2 The effect of initial concentration of invert sugar on the formation of lactic 
acid
Three experiments were conducted at three different initial invert concentrations 
(3,600 mg/L , 5,400 mg/L, and 7,200 mg/L) but same temperature (90 °C) and pH (pH 
1 1.0). The concentration o f invert and lactate were measured, and the percentage o f lactate 
on the weight o f invert degraded at different reaction time were calculated and listed in 
Table 3.2.
The table indicates that the percentage o f lactate decreased with the increase o f 
in itia l invert concentration. After 50 minutes, as complete conversion reached, the 
percentage o f lactate for initial invert concentrations o f 3,600 (C„,), 5,400 (C „ 2  ) and 7,200 
(C0 3 ) mg/L were 26.75, 20.30 and 14.95%, respectively. The percentage o f lactate was 
reduced about 6 % with every 1800 mg/L (0.01 M) increase in the initial invert 
concentration. This suggests that the concentration o f invert influences the pathway o f invert 
degradation, and low invert concentration favors the formation o f lactic acid. According to 
the mechanism o f monosaccharides alkaline degradation presented by de Wit (1979), the 
formation o f lactic acid and saccharinic acids are through the same pathway, that is, p- 
elimination o f enediol anions o f trioses and hexoses followed by benzilic rearrangement. 
The increase in the invert concentration may not favor the benzilic rearrangement. This is 
consistent with the result o f de Bruijn, et al. (1987). At certain initial concentrations, the 
production o f lactic acid increased with reaction time because o f the decrease in invert 
concentration.
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Table 3 .2 The effect o f initial concentration on the production o f lactate at pH 11.0, 90 “C
Invert concnetration 
(mg/L)
Invert degraded 
(mg/L)
Lactate
(mg/L)
%Lactate on invert 
degraded
Time
(min^
Co. Co: Co3 Co, Co: Co: Co. Co: Co: Co. Co: Co:
0 3508 5283 6980 92 117 2 2 0 4 5 9 4.35 4.27 4.09
2 2282 4347 4814 1318 1053 2386 106 83 90 8.04 7.84 3.76
4 1690 3382 3560 1910 2018 3640 213 161 158 11.15 7.98 4 33
6 1153 2490 2600 2447 2910 4600 341 271 216 13.95 9.33 4.70
8 850 1446 1879 2750 3954 5321 440 369 303 16.00 9.34 5.70
1 0 580 981 1136 3020 4419 6064 587 396 440 19.43 8.96 7.26
15 230 521 761 3370 4879 6439 722 594 650 21.42 12.17 10.09
2 0 124 126 2 2 0 3476 5274 6980 788 772 913 22.68 14.64 13.08
30 18 36 34 3582 5364 7166 923 957 994 25.76 17.83 13.87
40 2 1 2 1 0 3598 5388 7190 938 1016 1056 26.06 18.85 14.69
50 0 3 4 3600 5397 7196 963 1095 1074 26.75 20.30 14.92
O n
00
69
Let A = mg/L lactate i - mg/L lactate,.[
A C i^  = mg/L Invert - mg/L Inve rt,, 
then A Cla/  A Is the production o f lactate when invert concentration decreased from
C n to Cl- By plotting AC vs the invert concentration C ( m g / L ) ,  Figure 3.3
was obtained. The figure indicates that the higher the C the smaller the A C la / A C 
A quantitative relationship was obtained by regressing A Cla /  A on C i^  and 
expressed as equation (3-1). This equation was valid at pH 11.0 and Ca(0 H ) 2  suspension 
as base. The production o f lactic acid decreased in following way with the increase o f invert 
concentration.
A Cla / A C i^  = 42.642 C ^  
R- = 0.9249
(3-1)
Ô
a
6.000
5.000
4.000 <
3.000 ,11
2.000
1.000 .1♦
0.000
,0 1000 2000 3000 4000
Invert (mg/L)
5000 6000 7000
Figure 3.3 The variation o f lactic acid production with invert concentration 
at 90 °C, pH 11.0, Ca(OH ) 2  suspension as a base.
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3.3.3 The efTects of temperature and pH the rate of lactic acid formation from invert 
alkaline degradation
1 ■ The effect o f temperature on the rate o f lactic acid formation
It has been found that the composition o f degradation products is independent o f
temperature (de Bruijn, 1986a; de Wit, 1979; Verhaart and Visser, 1957). In this study,
experiments were performed at different pH-temperature combinations and same initial
invert concentration (5,000 mg/L) to eliminate the effect o f concentration. The results are
presented in Table 3.3 and Figure 3.4.
Table 3.3 The effect o f temperature on lactic acid formation at pH 10.0 (5,000 mg/L invert 
solution, Ca(0 H ) 2  suspension as base)
70 “C 80 “C 90 °C
Time Invert Lactate Invert Lactate Invert Lactate
(min) (m g/L) (mg/L) (mg/L) (mg/L) (m g/L) (mg/L)
0 5012 6 4932 5 4901 23
1 0 4858 35 3699 180
2 0 4705 28 4560 77 2986 327
30 4140 2387 444
40 4492 64 3942 155 1848 597
50 3812 187 1455 727
60 4315 93 3508 216 1145 851
70 3372 249 902 971
80 4168 131 3040 249 710 1085
90 2859 279 559 1195
1 0 0 3967 165 2689 307 441 1300
1 1 0 2530 334 347 1400
1 2 0 3851 197 2380 359 273 1496
130 2239 383
140 3681 209 2106 405
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Figure 3.4 The formation o f lactic acid as a function o f temperature. 
(5,000 mg/L invert, pH 10.0, Ca (OH); as a base).
Figure 3.4 shows the effect o f temperature on the rate o f lactic acid formation at pH 
10.0. The higher the temperature, the faster the lactic acid formation. This was 
corresponding to the rapid degradation o f invert at higher temperature. The relationship 
between the concentration o f lactic acid and reaction time was obtained by least-square 
nonlinear regression as quadratic equations 3-2 to 3-4.
70 °C: C = -0.0012 * t - + 1.713l* t  + 0.3275, R^O.9934 (3-2)
80 °C; C = -0.0071 * t^  + 3.7879 *t + 6.0737, = 0.9956 (3-3)
90 °C; C = -0.0247* t^  + 15.222 *t +25.567, R  ^= 0.9999 (3-4)
The rate o f lactic acid formation at pH 10.0 can be calculated at any time as follows:
70 °C: dC/dt = - 0.0024*t +1.719 (3-5)
80 °C: dC/dt = -0.0142*t + 6.074 (3-6)
90 °C  dC/dt = - 0.0494*t + 25.567 (3-7)
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At a given pH and initial invert concentration, the regression coefficients were the 
function o f temperature. Regressing the coefficients in equation (3-5), (3-6) and (3-7) on 
temperature, equation (3-8) was obtained.
dC/dt = (-0.000IT - + 0.0164T - 0.575)*t
+ (0.0757 - 10.92T + 395.16) (3-8)
Equation (3-8) is valid when pH is kept at 10.0 by adding calcium hydroxide 
suspension and temperature ranges fi'om 70 to 90 “C. Unfortunately, to calculate the rate 
o f lactic acid formation from experimental parameters, it is necessary to develop different 
equations for different pH and bases. However, in the sugar refinery, lime is the only base 
used. Once pH for a certain unit operation is selected, it is unnecessary to change it. 
Therefore, it is feasible to establish the equation at a specific pH to calculate the rate o f 
lactic acid formation at different operation temperatures.
2. The effect o f pH on the rate o f lactic acid formation
Table 3.5 and Figure 3.5 show the result at 80 °C and pH9, 10.0 and 11.0. pH was 
maintained constant by adding Ca(0 H ) 2  suspension.
Figure 3.5 indicates that, at a given temperature, the rate o f lactic acid formation 
increased with the increase o f pH. Regressing the concentration o f lactic acid on reaction 
time by least square non-linear procedure, the following equations were obtained. 
pH 9.0: C=0.0032 t^  + 0.821 + 12.087 R  ^= 0.9987 (3-9)
pH 10.0: C=-0.0075t-+7.2267t+10.896 R  ^= 0.9954 (3-10)
pH 11.0: C =-0.124 t^  + 26.745t + 44.03 R  ^= 0.9967 (3-11)
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The differential equations o f equations (3-9) to (3-11) were the rate o f lactic acid formation 
at 80 “C, and pH 9.0, 10.0 and 11 .0 .
pH 9.0; dC/dt = 0.0064t + 1.640 (3-12)
pH 10.0: dC/dt = -0.0150t + 7.226 (3-13)
pH 11 .0 : dC/dt = -0.248t + 26.745 (3-14)
Obviously, the coefficients o f these equations depended on pH at constant 
temperature. Regressing the coefficients on pH, equation (3-15) was obtained. This 
equation was valid at 80 °C, initial concentration o f invert 5,000 mg/L, and calcium 
hydroxide as alkaline agent.
dC/dt = (-0.1058pH- + 1.9888pH - 9.323)t
+ (6.9665pH^ + 126.78pH + 578.35) (3-15)
Table 3.4 The effect o f pH on the formation and production o f lactic acid 
(80 °C, initial invert concentration 5,000 mg/L)
pH 9.0 pH 10.0 pH 11.0
Time
(min)
Lactate
(mg/L)
Lactate
%
Time
(min)
Lactate
(mg/L)
Lactate
%
Time
(min)
Lactate
(mg/L)
Lactate
%
0 1 2 . 6 18.9 0 18.8 16.8 0 76.9 13.8
2 0 29.0 1 0 . 1 1 0 64.3 8.5 1 0 269.2 14.9
40 49.1 8.7 2 0 150.0 8.9 2 0 480.6 18.0
60 74.6 1 2 . 1 30 233.4 15.0 30 770.0 24.1
80 97.2 12.5 40 305.4 17.7 40 928.7 23.6
1 0 0 126.9 13.4 50 347.5 17.8 50 1071.9 25.2
1 2 0 164.9 14.9 60 403.5 16.5 60 1205.4 27.2
140 188.9 15.9 70 473.6 18.2 70 1310.0 28.6
160 250.2 17.8 80 604.2 21.4 80 1382.5 29.6
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Figure 3.5 The effect o f pH on the formation o f Lactic acid at 80 “C, 
initial invert concentration Cg=5,000 mg/L
3. The effects o f pH and temperature on the production o f lactic acid in pure invert solutions
Table 3 .5 The effect o f temperature and pH on the production o f lactic acid 
in 5,000 mg/L invert solution (pH was adjusted and maintained by 
adding 15% Ca(OH) % suspension)
Lactic acid % on invert degraded
pH 9.0 pH 10.0 pH 11.0
70 “C 17.46 23.63 30.89
80 °C 17.80 21.42 27.46
90 “C 14.62 20.30 26.75
The results in Table 3.5 and Figure 3.6 indicate that at a given pH, temperature did 
not show significant effect on the production o f lactic acid; whereas, at a constant 
temperature, pH (the concentration o f hydroxyl ions) exerted a significant effect on the 
production o f lactic acid. The percentage o f lactic acid increased about 6 % with one unit
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increase in pH. Higher production o f lactic acid at higher pH suggests that higher 
concentration o f hydroxyl ions could lead to retro-aldolization o f 1 ,2 -enediol ions o f 
hexoses to form 1 ,2 -enediol o f triose, and favors the benzilic rearrangement o f triose anions. 
Low temperature and high pH combination favored the formation o f lactic acid.
PH 10.0 - A - pH 11.0
1 I
70 75 80
Tcnperature ("Q
85 90
Figure 3.6 The effect o f temperature and pH on the production o f lactic acid due to
invert alkaline degradation, at the initial invert concentration o f 5,000 mg/L.
3. 3. 4 The effect of the nature of base on the formation of lactic acid
The effects o f NaOH, KOH and Ca(OH), on the formation o f lactic acid were 
tested. Among cations o f these bases, Na * and K* are monovalent, but they have different 
size because they belong to different periods in the elemental periodic table. and Ca 
have similar size and weight but Ca is divalent. The comparison between NaOH and KOH 
reflects the effect o f cation size on the production and the rate o f lactic acid formation, while 
the comparison between KOH and Ca(OH) ; reflects the effect o f the number o f charges.
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Figure 3.7 indicates that at pH 10.0, the rate o f lactic acid formation was in the 
order o f Ca(0 H ) 2  > NaOH > KOH in temperature range o f 70 to 90 °C. This is consistent 
w ith the order o f accelerating effects o f cations on invert degradation. For all bases the 
correlation between concentration o f lactic acid and reaction time was a second-order 
polynomial fit rather than exponential fit. This suggests that although the alkaline 
degradation o f invert is first-order reaction, the formation o f lactic acid is not necessarily the 
same.
The effects o f different bases on the production o f lactic acid at different pH- 
temperature combinations are shown in Table 3.7. It can be seen that at same pH and 
temperature Ca(OH), favored the formation o f lactic acid comparing with KOFI, the 
production o f lactic acid was higher using NaOH as base than that using KOH as base. This 
suggests that with same number o f charges, small cations favor the formation o f lactic acid. 
W ith similar size, divalent cation is more effective to catalyze the formation o f lactic acid 
than monovalent cations during invert alkaline degradation.
Early studies found that increase o f the molar ration o f Ca *^ to monosaccharide 
increased lactic acid formation at the cost o f glycolic acid, acetic acid, saccharinic acid and 
>C 6  acids (de Wit, 1979; de Bruijn, 1987). This phenomenum was explained by the 
complexation o f calcium with (3-fructofiiranose and (3-fhictopyranose. The complexation 
promoted C3 -C4  bond fission by retro-aldolization which ultimately leads to an enhanced 
formation o f lactic acid (Figure 3.8, de Bruijn, 1987).
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Figure 3.7 The effect o f the nature o f base on the formation o f 
lactic acid in pure invert solution at pH 10.0.
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Table 3.6 The effect o f nature o f base on the production o f lactic acid 
at pH 10 and pH I I . 0
70 °C 80 °C 90 "C
Base pH 10 PH 11 pH 10 pH 11 pH 10 pH 11
Ca(OH), 15.81
22.58
25.05
30.89
16.87
16.75
28.49
29.60
18.48
24.87
20.29
21.42
KOH 11.71 24.27 10.57 21.67 14.65 23.01
NaOH 12.28 — 13.09 26.64 18.27 25.96
The fact that the catalytic effect o f NaOH is larger than that o f KOH may indicate 
the electrostatic effects o f cations and steric hindrance. Small cation (Na*) has stronger 
electrostatic eflfect than large cation (K*) with same charge(s), but has smaller steric 
hindrance to form complex with sugar ions, thus exerts greater influence on the stability o f 
C-C bond in the presence o f hydroxyl ions.
H O  L Ca ( I I )  
O H
O H
H O  O
O H
H O
j j  Ca ( I I )
Figure 3.8 Promoted retro-aldolization o f D-ffuctose by complexation with Ca(II).
3.3. 5 The eifect of sucrose concentration on lactic acid production
The presence o f sucrose increased the rate o f invert degradation, and it was 
reasonable that sucrose might increase the rate o f formation o f various organic acids. The 
experiments o f invert degradation in different concentrations o f sucrose solutions were
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conducted at pH 10.5 and 85 °C, invert residues and lactate formed were analyzed to 
investigate the impact o f sucrose on the percentage o f lactic acid. Results were listed in 
Table 3.7 and Figure 3.9.
As we can see that after 50 minutes o f rection, concentrations o f invert residue were 
154, 130, 105 and 58 mg/L when sucrose concentrations were 0, 35, 50 and 60%. 
Comparing with the initial concentration o f invert, more tha 97% o f invert was degraded. 
Therefore, we could assume that at pH 10.5 and 85 °C, after 50 minutes reaction, invert was 
completely degraded.
Table 3.7 The effect o f sucrose concentration on the production o f lactic acid 
at 85 “C, pH 10.5, CafOH); suspension as base
Invert (mg/L) Production o f lactate % on invert 
degraded
Time 0 % 35% 50% 60% 0 % 35% 50% 60%
min) sucrose sucrose sucrose sucrose sucrose sucrose sucrose sucrose
initial 5000 5100 5210 5291 0 0 0 0
0 4431 4113 3963 4575 18.80 9.88 12.98 21.57
1 0 2340 1835 2037 2017 14.06 19.17 29.30 25.34
2 0 1280 943 867 795 15.27 27.68 34.10 31.92
30 541 479 409 245 19.62 33.48 36.78 36.43
40 304 233 235 170 23.45 37.31 38.92 40.29
50 154 130 105 58 32.19 43.36 41.25 41.06
Average: 41.93
Table 3.7 and Figure 3.9 show that the presence o f sucrose did increase the 
degradation rate o f invert and, correspondingly, the rate o f lactic acid formation. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
80
percentage o f lactic acid increased from 32.19% to 41.93% on invert degraded. But 
increases in sucrose concentration from 35 % to 60 % did not cause significant difference 
on both formation rate and the production o f lactic acid.
2500 1
-$— 0 %suc 
■*— 35% sue 
50% sue 
60% sue
2000 -
1500 -
1000 -
500 i
Rcaetion time (min)
Figure 3.9 The effect o f sucrose on the formation o f lactic acid at pH 10.5, 
85 °C, initial concentration o f invert Co=5000 mg/L
It was suspected that the increase o f lactic acid production was due to the alkaline 
degradation o f sucrose at high pH. Therefore, a series o f experiments o f sucrose alkaline 
degradation were conducted in 60% refined sucrose solutions at 90 “C to verify this 
speculation. The formation o f lactic acid with reaction time and corresponding invert 
decrease were recorded in Table 3.8.
Refined sugar solutions used in the experiments contained 154.68 mg invert per liter. 
After 100 minutes heating at 90 “C and pH 10.3, 10.6 and 10.9 (corresponding to 0.2, 0.4 
and 0 .8 % o f lime), some invert was still present in the solutions which was impossible for
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pure invert solution. In addition, lactic acid produced after 100 minutes were 107.98, 146.95 
and 146.96 mg/L (69.8%, 95.0%, and 120.0% o f the original invert), respectively, which 
were close to or even higher than the initial concentration o f invert in the sucrose solutions.
Table 3 . 8  The formation o f lactic acid due to the alkaline degradation o f pure sucrose 
(at 90 °C, 60 Bx sucrose solution, 0.2, 0.4 and 0.8% o f CaO on sucrose)
Time (min)
Lactate (mg/L) Invert (mg/L)
0.2%CaO 
dH 10 3
0.4%CaO 
nH 10 6
0.8%CaO 
dH 10 9
0.2%CaO 
dH 10 3
0.4%CaO 
nH 10 6
0 .8 %CaO 
nH 10.9
0 23.20 30.94 38.67 154.68 154.68 154.68
1 0 33.64 54.14 61.88 123.74 111.37 37.12
2 0 44.42 85.08 85.08 90.49 64.97 13.92
30 57.66 108.28 108.28 83.53 52.59 10.83
40 88.50 116.02 116.02 65.74 42.54 9.28
50 78.72 139.22 131.49 56.46 44.86 8.51
60 91.75 139.22 151.60 51.04 40.99 7.73
70 108.73 146.96 154.69 45.63 31.71 6.96
80 115.66 154.69 166.29 44.08 37.90 6.96
90 124.30 154.69 162.42 40.22 39.44 9.28
1 0 0 131.18 177.89 185.63 40.22 37.90 9.28
These results prove that the increase o f lactic acid production in the presence o f 
sucrose is the degradation o f sucrose at high pH and temperature and the degradation o f the 
small amount o f invert present in refined sugar. The results also imply that the degradation 
o f sucrose in alkaline solution may be through the hydrolysis o f sucrose into glucose and 
fructose, although the finding o f Harris et al (1980) does not support this mechanism.
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The effect o f sucrose solution on the behavior o f pH electrode alsoaccounted for 
the faster formation o f lactic acid in the presence o f sucrose. Higher concentrations o f 
hydroxyl ions and calcium ions in the presence o f sucrose speeded up the invert degradation 
and favor the formation o f lactic acid when the indication o f pH were the same.
The experiments on the production o f lactic acid in the 60% raw sugar solution 
(refining material) were performed by adding a known amount o f invert in the solution to 
reach a concentration o f 0 .1, 0.2 and 0.3% on the weight o f raw sugar. When the 
degradation o f invert (including that originally present in raw sugar) was completed by 0 .8 % 
CaO (which is the percentage o f lime used in most cane sugar refineries) at 85 “C, lactic 
acid was analyzed by IC. The results weredisplayed in Figure 3.10.
0.25 1 0.2%RS - A -  0.3%RS
0.2 -
0.15 J
0.05 -
Reaction time (min)
Figure 3.10 Lactic acid formation in 60% raw sugar solution at 85 "C, 0.8% CaO
Lactic acid increased with reaction time until 20 minutes which means invert was 
completely destructed in 20 minutes under the experimental conditions (Figure 3.10).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
83
Plotting the concentration o f lactate at 20 minutes vs percentage o f invert added. Figure 
3 .11 was obtained. The figure indicates that increasing the concentration o f invert by 
1.000%, the concentration o f lactic acid was increased by 0.385% which was 38.5% o f the 
invert added. Therefore, the production o f lactic acid from invert in 60% raw sugar solution 
is 38.5% regardless the effect o f invert concentration.
0.25 1
y = 0.385x4-0.0935 
R*= 0.9990.2
0
= 0.15 j
1 !
55 0  1 i
0.05 4
0 4-
0.05 0.1 0.15 0.2
% Invert added
0.25 0.3 0.35
Figure 3.11 The relationship between the production o f lactic acid and the 
invert added in the 60% raw sugar solution (85 “C, 0 .8 % CaO)
3.4 Conclusions
Through the study o f lactic acid production from invert degradation following major 
conclusions can be drawn.
1 ) The degradation pathway o f invert was affected by the initial concentration o f 
invert, pH, and the nature o f the base. According to the mechanism o f invert alkaline 
degradation, (3-elimination o f 1,2 - enediol anions o f hexoses formed two a-dicarbonyl
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formed two triose moieties, which undergo (3-elimination to form methylglycoxal. Low 
concentration o f invert and high pH favored the benzilic rearrangement o f methylglycoxal 
to form lactic acid. The order o f catalytic eflfec:S o f three cations on lactic acid formation 
was: Ca^ * > Na" > K". The catalytical effects were attributed to the complexation o f cations 
with fructose, which was affected by both electrostatic and steric hindrance o f cations.
2) In the presence o f sucrose the production o f lactic acid is higher than that in pure 
invert solution under same pH and temperature, due to the alkaline degradation o f sucrose 
and the effect o f sucrose concentration on the behavior o f pH electrode. At 85 “C and pH 
10.5 with Ca(0 H ) 2  suspension as base, the production o f lactic acid from alkaline 
degradation o f invert was about 42% when sucrose concentration was 35% or higher. In 
60% raw sugar solution, when 0 .8 % CaO was added, the production o f lactic acid was 
38.5%.
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CHAPTER 4 THE DEVELOPMENT OF COLOR DURING 
INVERT ALKALINE DEGRADATION
4.1 Introduction
One o f the most obvious phenomena o f invert alkaline degradation is the formation 
o f color. Color increase should be consistent with invert decrease and lactic acid increase 
during the reaction. Because the formation o f color is associated with invert degradation and 
the removal o f color is one o f the major concerns o f sugar refinery, therefore, the study o f 
color development and removal become extremely important.
The colorants concerned in the refinery were classified into four types in 1984 
according to origins and chemical structures (Clarke, et al., 1984). Type 1 are plant 
pigments including: ( 1 ) four principal types o f naturally occurring colorants (chlorophylls, 
xanthophylls, flavones and anthocyanins) which are already colored in their original forms 
in the cane and are not removed completely through raw sugar processing, and (2 ) the 
substances which are normally colorless in their original forms but which can develop color 
during sugar processing, they are phenolics and amino compounds. Type 2 are Maillard 
reaction products (melanoidins). This type o f colorant is formed by the reaction between 
reducing sugar and amino compounds in sugar solution. Type 3 are thermal degradation 
products (caramels) at very high temperature. Type 4 are alkaline degradation products o f 
sugars. Alkaline degradation products o f fructose, especially in refineries at pH > 7.5, can 
polymerize to high molecular weight substances (Clarke, 1997). It has been reported that 
most o f the sugar colorants involved in refining have an anionic nature, being charged 
negatively at higher pH values (Chou and Rizzuto, 1972). Therefore, strong positively
85
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charged absorbents such as strong base ion exchange resins and newly formed calcium 
carbonate are very efficient to remove colorant in refining materials.
Color formation under alkaline condition is extremely complex. It was believed that 
the fragmentation o f invert sugars leads to the production o f three-carbon compounds 
followed by a series o f condensation and polymerization reactions between the various 
three-carbon aldehydes and ketonic intermediates (Eskin, Henderson, and Townsend, 1971; 
Bobrovnik and Rudenko, 1995; Godshall, 1997). However, until now, the mechanism o f 
color formation due to invert alkaline degradation is not completely clear.
Assuming that three-carbon acids (Cj-acids) are the precursors o f colorants and 
colorants are formed by condensation polymerization o f these three-carbon acids, the 
process should occur by the mechanism in which the intermediates are ions and the 
processes are catalyzed by acidic or alkaline substances (Laidler and Meiser, 1982). The 
formation o f colorants by invert alkaline degradation can be expressed as Figure 4 .1, where 
kpi, 1^ 2 , are the rate constants o f polymerization and n is the degree o f
polymerization.
Glucose , Other acids (acetic, formic)
Enedioi anions
Fructose ^ /
'^^'^Saccharinic acids
* Ic Ic Ic
C,-acids —» —^  ^  Colorant
Figure 4.1 The formation o f colorant from invert alkaline degradation
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Among the colorants o f high grade commercial sugar, 76% o f the apparent color 
has a molecular weight greater than 12000, 83% greater than 8000, 94% greater than 3500 
(Roberts and Godshall, 1980). The molecular weight o f Cj-acids is 90. Colorants formed 
by alkaline degradation o f invert have medium to high molecular weights. I f  high molecular 
weight is considered to be over 5000, mid-range 1000-5000 and low 1000 dalton (Clarke, 
1987), the degree o f polymerization o f the colorants o f invert alkaline degradation is 12 to 
60 or larger. However it is impossible at this stage to calculate the rate constant o f color 
formation because Cj-acids include acids other than lactic acid, the rate constants o f these 
acids formation and the accurate degree o f polymerization are all unknown.
It is sometimes recommended that sugar color could be measured in the UV region 
o f 270-280 ruTL, where most colorant fractions exhibit maximum absorbances (Bobrovnik 
and Rudenko, 1995; de Bruijn, 1987). However, from a practical point, it seems preferable 
to characterize sugars in the visible region, since the ultimate basis for specification o f sugar 
color is, after all, the visual appearance to the human eyes (RifFer, 1987). Although 420 nm 
is the wavelength o f the official method, reading at 560 nm is sometimes applied for dark 
solution for which the 420 nm reading would be o ff scale except under high dilution that 
could introduce large error, because absorbance at 560 nm is typically much smaller than 
that at 420 nm.
Although numerous studies have been conducted on the color development during 
the sugar processing, the quantitative relation between color and invert concentration has 
not been established. This chapter illustrates this relationship.
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4.2 Materials and methods
4.2.1 Materials
D-glucose, D-fructose, and sucrose were purchased from Sigma Chemical Company 
(St. Louis. MO). Calcium oxide (CaO) was purchased from Mallinckrodt Chemical 
Company (Paris, KY). Sodium hydroxide (NaOH) and Potassium hydroxide (KOH) were 
obtained from EM Science (Cherry H ill, NJ). 15% CaO suspension, 5 M  NaOH and 5 M 
KOH solutions were prepared for experiments. Hydrochloric acid (0. IN).
4.2.2 Methods
Color measurement: The basis o f the specification o f sugar color is the absorption 
o f visible radiation by a sugar solution. Therefore, the absorbance represents the color o f 
a sugar solution. Since same invert concentration was used in this study (5000 mg/L), the 
comparison among the absorbances was possible. The absorbances o f all samples were 
measured by ICUMSA (International Commission for Uniform Methods o f Sugar Analysis) 
method GS-1-7 1994. Samples were filtered through 0.45 pm membrane to remove 
turbidity because turbidity would be read as color in any absorbance method and would give 
erroneously high result i f  it was not removed (Godshall, 1997). Because some colorants are 
pH - sensitive and others are not, a standardized pH is required. Current ICUMSA methods 
for raw sugar and white sugar require a pH o f 7.0 ±  0.1 adjusted by diluted (0 . 1  N) 
hydrochloride acid and sodium hydroxide. The absorbance (Abs) o f the neutralized solution 
was measured in 1 cm cell at a wavelength o f420 nm with a Spectrophotometry (Gilford 
Response II, Ciba Coming Diagnostics Corporation, Ohio), with a accuracy o f 0.001 
absorbance unit.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
89
4.3 Results and Discussion
All experiments were conducted in a batch reactor under constant temperature and 
pH with same initial concentration o f invert. pH was kept constant by adding base solution. 
Samples were removed every 5 or 10 minutes, then cooled down to room temperature 
immediately and analyzed the residual invert and color.
4.3.1 The efTect of temperature on color development in pure invert solution
Color development vs reaction time in alkaline aqueous solution at constant pH and 
75, 80 and 85 °C is shown in Figure 4.2. It can be seen that when pH was constant, the 
color developed faster at higher temperature because the temperature increases accelerated 
both the formation and the polymerization o f small molecular fragments.
0.900 -
0.800 -
u 0.600 ” o
§ 0.500 -
9 0.400
< 0.300 -
0.200 
0.100 -  
0.000
Reaction time (mm)
Figure 4.2 The effect o f temperature on the development o f color in pure invert 
solution at pH 9.5. ♦  75 “C, ■ 80 °C  and ▲ 85“C
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It was evident that color development with reaction time followed second-order 
polynomial relationship and was slow at the beginning o f the reaction, though the 
degradation o f invert was fast at the beginning because o f the high concentration o f invert. 
This implies that there is a propagation period and the formation o f color precursors may 
be the rate-limiting stage during color development as the formation o f lactic acid also 
follows second-order polynomial. This result is consistent with that found by Ramaiah and 
Kumar (1968) and Eggleston (1996). The quadratic relationship between and absorbance 
and reaction time is different from the linear relationship obtained by Matula, et al. (1995).
Regressing the absorbance on invert degraded at each constant temperature, 
quadratic equations (4-1), (4-2) and (4-3) were obtained. In these equations, Y represents 
color in the unit o f absorbance, x  is the invert degraded in mg/L.
g 0.600 -
J  0.500 
o 0.400 - 
< 0.300
500 1000 1500 2000 2500
Invert degraded (mg/L)
3000 3500
Figure 4.3 The correlation between color formation and invert degraded 
at pH 9.5. ♦  75 °C, ■  80 °C  and A 85 °C
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(4-1)
(4-2)
(4-3)
Figure 4.3 indicates that more color is formed at higher temperature when the extent 
o f invert degradation is the same. Similar results were obtained at pH 10.0 and 70, 80 and 
90 °C (equations 4-4 to 4-6 and Figure 4.4).
70 °C Y = 8 X 10 - 4 X 10 X +0.0098
80 °C Y = 9 X 10 x  ^- 2 X 10 X +0.0120
90 °C Y = 9 X 10 - 1 X 10 X - 0.0039
R  ^= 0.9980 
R- = 0.9862 
R  ^= 0.9978
(4-4)
(4-5)
(4-6)
0.8000 -j
0.7000 -j
0.6000 -j
I  0.5000 1
-e 0.4000 - 
°
^  0.3000 j 
0.2000 4
0.1000 -  
0.0000 +«*
25001500
Invert degraded (mg/L)
2000 3000500 1000
Figure 4.4 The correlation between color formation and invert degraded 
at pH 10.0. ♦  70 °C, ■ 80 °C and A90 “C.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
4. 3. 2 The effect of pH on color development in pure invert solution
Experiments were conducted at 80 “C and pH9.0, 10.0, and 11.0. The initial invert 
concentrations were 5,000 mg/L, pH was maintained by adding 15% Ca(0H)2 suspension. 
The results o f color development were presented in Figure 4.5.
When same amount o f invert degraded at constant temperature, the absorbance o f 
the solution decreased with the increase o f pH (Figure 4.5). There are some possible 
reasons. 1) At high pH, the high concentration o f calcium ions inhibited the formation o f 
color as it was pointed out by Carpenter and Roberts (1980). Although the mechanism o f 
this inhibition is not known yet, the relatively low solubility o f inorganic calcium salt might 
be one o f the reasons. For example, because the reaction was not under nitrogen or other 
inert gases, a trace amount o f carbon dioxide might dissolve in the reaction solution and 
form calcium carbonate with very low solubility which adsorbed part colorants. After 
filtration through 0.45 pm microfilter, the adsorbed colorants were removed. 2) The time 
to destroy the same amount o f invert was shorter at higher pH, thus the time for color 
development was reduced. 3) CafOH), does not completely dissolve in the very diluted 
invert solution (5,000 mg/L) because the solubility o f Ca(0H)2 is very low at high 
temperature, for example, 0.156 g/100 g water at 20 °C  and 0.077 g/100 water at 100 °C  
(Bubnik, 1995). Undissolved Ca(0H)2 may adsorb some o f the colorants formed that were 
then removed by filtration.
The increase o f absorbance with the invert degradation at each pH can be expressed 
by the following regression equations
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pH 9.0 Y =  1 X 10- V + 3  X 10'* X - 0.0199
pH 10.0 Y =  1 X 10 ' ^ r^ -6x I0-*x-K).0091
pH 11.0 Y = 6 XlO x" -1 X 10 X +0.0734
R’ = 0.9915 (4-7)
R2 = 0.9916 (4-8)
R- = 0.9959 (4-9)
3.5000 1
3.0000 -
2.5000 J
U
2.0000 -
1.5000 -
1.0000 -  
0.5000 - j
0.0000 i
50003000 40001000 2000
Invert degraded (mg/L)
Figure 4.5 The effect o f pH on color formation at 80 “C (Initial invert 
concentration was 5,000 mg/L). *pH  9.0, BpH  10.0 and 
ApH 11.0.
Since the determination o f invert is very time consuming either by the traditional 
titration or by the modem HPLC technique, and the determination o f color is much easier 
and faster, it is practical to develop an equation to calculate pure invert destruction from the 
measurement o f color under certain conditions.
4.3.3 The effects of the nature of base on the formation of color
It has been found that calcium hydroxide is more effective in accelerating the 
degradation o f invert and the formation o f lactic acid than KOH and NaOH (de Bruijn,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
94
1987). On the other hand. Carpenter and Roberts (1975) have reported that calcium ions 
inhibited color formation at high pH, but enhanced color formation at low pH. They have 
also found that sodium ions were the reverse o f calcium ions, and potassium ions enhanced 
color formation at pH8 with less color formation at either extreme o f pH. Because these 
conclusions were drawn based on the effects o f salts on color formation in alkaline sugar 
solution, the effects o f anions were involved. The study o f Ramaiah and Kumar (1968) has 
shown that anions such as COj^ * had a catalytic effect on the degradation o f invert, whereas 
Cl', SO^ '^, S O j^ \  and exhibited inhibition influences on invert degradation.
To eliminate the effects o f anions on the invert degradation and the color formation, 
calcium hydroxide, sodium hydroxide and potassium hydroxide were used as alkaline agents 
and the sources o f above cations in this study. The experiments were conducted at constant 
temperature 80 °C, but different pH (pH 9.0 to 11.0), i.e. different concentration of cations. 
The results are shown in Figure 4.6.
The figure indicates that color development was faster when sodium hydroxide and 
potassium hydroxide were used than that when calcium hydroxide was used. The effects 
o f NaOH and KOH on color formation are almost identical. According to Carpenter (1975), 
it may be said that calcium ions inhibits the formation o f color. The increase in pH did not 
change this order, and the higher the pH, the higher the concentration o f cations, and the 
greater the inhibition effect o f Ca^\ At pH 11.0, the absorbance decreased after 60 minutes 
reaction with Ca(OH) 2 . The titration curve in Figure 2.7 shows that to reach same pH in 
5000 mg/L invert solution at 80 °C, smaller volume o f Ca(OH); was needed, thus the lower 
concentration o f Ca^*. Therefore, it can be concluded that Ca^* inhibits the formation o f
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Figure 4.6 The effect o f nature o f base on the development o f color at 80 “C, 
5,000 mg/L Invert solution. ♦  NaOH, ■ KOH and X. ACa(0H)2-
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color in invert solution. Other possible reasons o f slow development o f color when 
Ca(0H)2 was used as base were mentioned in subsection 4.3.2.
4.3.4 The effect of sucrose on color development
I
<
1.800
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1.400
1.200
1.000
0.800
0.600
0.400
0.200
0.000
200 40 5010 30
Reaction time (min)
Figure 4.7 The effect o f sucrose on color development at pH 10.5, 85 °C 
and 5,000 mg/L invert. ^0%  sucrose, ■  35%sucrose, A50% 
sucrose, and *60%  sucrose.
In the presence o f sucrose, the color o f the solution may derive from both invert 
degradation and sucrose decomposition. A  series o f experiments were performed at pH 
10.5 and 80 °C. The results o f color development are shown in Figure 4.7. It can be seen 
that the development o f color was much faster at the presence o f sucrose comparing with 
pure invert solution under the same experiment conditions. This corresponds to the faster 
degradation o f invert, and can be explained by the effect o f sucrose on the behavior o f pH 
electrode. It was noted pH reading was lower in the sucrose solutions than in the aqueous 
solutions when an equal amount o f Ca(0H)2 suspension was added. The higher the
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concentration o f sucrose, the lower the pH value. Alkaline decomposition o f sucrose is 
another explanation. According to Eggleston (1996), color formation is directly related to 
sucrose decomposion.
4.4 Conclusions
The development o f color with reaction time through invert alkaline degradation 
followed a second order polynomial (quadratic) pattern. The correlation between color and 
invert concentration was also a second order polynomial fit under the constant pH and 
temperature condtions. The slow development o f color at the beginning o f reaction implies 
the presence o f propagation period (lag phase) o f color formation due to invert alkaline 
degradation.
Under constant pH conditions, the color formation was accelerated by temperature 
due to the fast degradation o f invert and fast polymerization o f the degradation products.
The formation o f color by invert degradation was affected by the nature o f base. 
Under constant temperature and pH, more color was formed from same amount o f invert 
by using NaOH or KOH solution than that by using CafOH), suspension. This suggested 
that calcium ions might have an inhibition eflfect on color formation as reported by Carpenter 
and Robert (1975), or the color formed from invert degradation was partially adsorbed by 
undissolved (OH), and was removed by filtration before mesuring the absorbance. I f  calcium 
ions inhibited color formation, lactic acid might not be an important precursor o f colorant 
because the formation o f lactic acid was favored by using Ca(OH); This result does not 
support the finding o f other investigators that color formation was strongly correlated to 
lactic acid.
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At constant pH and temperature, color development in alkaline invert solution was 
faster in the presence o f sucrose than that without sucrose because sucrose accelerate the 
degradation rate o f invert, actual. This could be explained by the effect o f the structure o f 
sucrose solution on the behavior o f pH electrode and by the formation o f calcium sucrate.
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CHAPTER 5 THE STUDIES OF INVERT DEGRADATION 
IN A LABORATORY CONTINUOUS 
CARBONATION SYSTEM
5.1 Introduction
Carbonation as a method o f raw sugar purification in the sugar refinery has been 
clearly described in Cane Sugar Handbook (Meade and Chen, 1977). It is a process long 
established in British, Australian and South African cane sugar industry and has been 
adopted in Canada and the United States. Basically, the process consists o f the formation 
o f calcium carbonate in sugar liquor by adding lime and bubbling with carbon dioxide under 
controlled temperature and alkalinity. Calcium carbonate precipitate traps much o f the 
insoluble materials and a proportion o f the ash and colorants in the liquor. The precipitate 
is then separated from the liquor by filtration. Lime is the major chemical used in 
carbonation stage. The ratio o f lime to dry solids (DS) has been said to be the most critical 
factor for clarification and it is well known that the optimum lime usage for the clarification 
o f melt liquor is 0.4 to 1.2% on DS depending on the source o f raw sugar and the amount 
o f remelt put into the process (Meade and Chen, 1977).
The invert sugar contents in raw sugar vary from 0.2% to 0.6% (on the weight o f 
dry solid) depending on the sources and the quality o f raw sugar. The molasses film on the 
surface o f raw sugar is removed by sugar washing, which is called affination in refinery. The 
mixture is separated by centrifuge into washed sugar crystals and mother liquor called 
afiBnation syrup. After affination, invert is about 0.1% in washed sugar, and 3.0 to5.0% in 
affination syrup.
99
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Affination syrup is a dark and viscous material which is lower in purity and higher in invert 
than melt liquor. Affination syrup, contains about 7% o f the total sucrose and most o f 
impurities o f raw sugar. Current practice o f recovering the sucrose in this low purity stream 
is low grade crystallization which is very difficult due to the high viscosity. The cost o f this 
treatment is about 25% o f the total refining cost. I f  most o f the impurities including color 
can be removed by carbonation before crystallization, the cost for crystallization may 
reduce.
The real refining raw material is melt liquor which is the mixing solution o f about 90 
% o f washed sugar and 10% of remelt. In a typical refining process, melt liquor undergoes 
carbonation, decolorization, evaporation, and crystallization to produce commercial 
granulated white sugar and all kind o f soft sugar. Figure 5.1 is a complete diagram o f a 
typical cane sugar refining process.
Continuous carbonation (also called double carbonation) is a common practice in 
many refineries. The alkaline degradation o f invert mainly occurs in the carbonation stage 
in sugar refining. Therefore, the study o f invert degradation and its influences on sugar 
refining should employ continuous carbonation system.
Carbonation involves many chemical reactions such as the degradation o f invert, 
formation o f organic acids. Maillard browning between invert and amino compounds present 
in melt liquor and formation o f calcium carbonate, as well as many physical processes such 
as the growth o f calcium carbonate, the occlusion o f impurities including colorants and 
polysaccharides into the calcium carbonate crystals. They w ill influence the operation 
efficiency such as decolorization, the calcification and the filterability o f carbonated liquor.
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Figure 5.1 The diagram o f a typical cane sugar refining process
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Therefore, in this study, not only the invert degradation, color and pH were monitored, but 
also the particle size o f calcium carbonate, the filtration rate and the calcium content in the 
filtrate were monitored.
5.2 Materials and Methods
5.2.1 Materials
Washed sugar, melt liquor and afiBnation syrup: They were provided by a cane sugar 
refinery. The raw materials were diluted to 55 to 65% before any chemical treatment to 
reduce viscosity resulting from low purity and high concentration.
Lime (calcium oxide): quick lime produced by US Gypsum Company, New Orleans. 
The lime contains 95% available CaO. 10% CaO suspension was prepared for each test.
Carbon Dioxide (CO;): used to neutralize excessive CaO in two saturators, to react 
with Ca(OH), to form crystals o f calcium carbonate, and to release sucrose from calcium 
sucrate.
Antifoam: KABO 2086, KABO Chemicals, Germany. It is a Silicon based material, 
food grade. It was used in the treatment o f affination syrup to prevent foaming.
5.2.2 Methods
Figure 5.2 is the diagram o f laboratory continuous carbonation system. The system 
consisted o f three reactors with circulating water jackets, two feeding pumps (one for sugar 
solution and one for milk o f lime), automatic pH control units and automatic temperature 
control units (circulating water baths). Reactor A was used for preliming, reactors B and 
C (also called saturators) were used for first and second carbonation, respectively. Each 
reactor was equipped with a mixer to prevent settling o f particles at the bottom o f the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
;u
CD■D
O
Q .
C
g
Q .
■D
CD
C/)
C/)
CD
8"O
( O '
3.3"
CD
CD*D
O
Q .C
aO3
"O
o
CD
Q .
O
C
"O
CD
(/)(/)
Mixer
sampling
sampling
water bath 1
Mixer
Mixer
feed
tank
Preheater
milk o f 
lime
speed
controoler
speed
controller
water bath 2
gas on/oflf 
switch
gas on/oflf 
switch
pH controller
pH controller
product
collector
Figure 5.2 The diagram o f the laboratory continuous liming/carbonation system s
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reactor C (also called saturators) were used for first and second carbonation, respectively. 
Each reactor was equipped with a mixer to prevent settling o f particles at the bottom o f the 
reactor. The pH in reactor A was determined by the dose o f available CaO, whereas the pH 
in reactor B and C was automatically controlled by gassing rate w ith CO,. The pH 
electrodes with ATC (Automatic Temperature Compensation) were inserted in reactor B 
and C and were connected with pH controllers to monitor the pH in these reactors. Liquid 
levels in the reactors were controled by moving the overflow tubes inside the reactors up 
and down. The liquor flowed from A  to B to C by means o f hydrostatic pressure. Samples 
were removed from the outlet o f each reactor.
The residence time o f liquor in reactor A, i.e. the time for preliming was selected 
according to the invert content in washed sugar and the results o f batch experiment that 
90% o f invert in raw sugar was destroyed in 5 minutes when 0.8% o f CaO on dry solid was 
added to the liquor at 85 °C. It was controlled by the pumping speeds o f feed and milk o f 
lime, and by adjusting the overflow level o f liquid in the reactor. The residence time in the 
reactor B, i.e. the time for first carbonation, was adjusted by the overflow level o f liquid in 
the reactor. 20 minutes was used for all experiments. The purpose o f first carbonation was 
to form CaCOj in washed sugar solution by gassing with carbon dioxide (CQ ) under 
controlled temperature (82 - 84 °C) and alkalinity (pH 9.2 - 9.5) Since the pH and 
temperature in first saturator were very high, the invert degradation continued in reactor B. 
The residence time in reactor C was the same as in reactor B, i.e. 20 minutes. The purpose 
o f the second carbonation was deliming or décalcification by lowering pH to 8.0 - 8.2 
through continually gassing with CO; to let calcium carbonate particles continuously grow.
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The experimental conditions o f clarification o f washed sugar liquor, melt liquor and 
affination syurp are summarized in table 5.1.
Table 5 .1 Experimental conditions o f sugar liquor clarification with a laboratory 
continuous carbonation system
Reactor A 
(liming)
Reactor B 
(1st carbonation)
Reactor C 
(2nd carbonation)
Concentration washed sugar liquor: 65% 
melt liquor: 53% 
affination syrup: 60%
Lime %on DS 
(available CaO o f 
lime was 95%)
washed sugar liquor: 0.4 to 0.8 
melt liquor: 0.2 - 0.8 
affination syrup:2.0 - 5.0
Temperature (°C) 68-70 80-84 86-88
pH (hot) 10.5 - 11.0 9.2 - 9.5 8.0-8.3
Retention 
time (min)
5 20 20
The efficiency o f the liming/carbonation operation was evaluated by monitoring the 
destruction o f invert sugar, the particle size o f carbonated cake, decolorization, 
décalcification and the filterability o f carbonated liquor.
Measurement o f invert: The change o f invert concentration through the process 
was monitored by HPLC (see page 38 to 40 for chromatography conditions).
Measurement o f color: Color formation and removal during carbonation was 
momitored by measuring the absorbances o f samples removed from reactor A, B and C at 
at wavelength 420 nm (see page 90 for the procedure o f color measurement).
Measurement o f cations; Calcium and magnesium ions were measured by Dionex 
Ion Chromatography with MSA (Methanesulfonic Acid) as mobile phase at a constant flow
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rate o f 1.5 ml min. The retention time o f Mg“* and Ca in the column are 4.3 minutes and
5.4 minutes, respectively.
Measurement o f particle size: Particle size o f carbonated cake was measured by 
Global Lab Image particle sizing system (Global Lab Image in conjunction with optical 
microscope). Global Lab image is a Windows-based monochrome image processing and 
analysis package that can be used stand-alone or with compatible Data Translation frame 
grabber boards. Global Lab image provides a standard Windows interface to a wide range 
o f image processing and analysis operation, including 1) image capture, display and 
annotation, 2) objective counting, measurement and classification, 3) frequency analysis and 
4) Morphological filtering, etc. Particle size measured by this method is the mean o f all 
particles in the field o f the view. The number o f particles that could be counted depends on 
the magnification selected. The previous work o f other investigators in our lab proved that 
Global Lab image in conjunction with optical microscope (lOX or 20X objectives) is a 
reliable tool to characterize particles in the range o f 2 to 20 micron (unpublished result).
Filterability test o f carbonated liquor; This test was conducted in a pressure filter 
(bomb filter) with a filtration area o f0.0095 square meter and an effective volume o f 2 liters. 
Filter was prewarmed in water bath to 75 °C. Filtration was under 60 psi pressure. The 
cloudy filtrate collected in first minute (about 500 ml) was discarded. The weight o f clear 
filtrate was recorded at different time and the filtration curve was obtained by plotting the 
volume o f filtrate vs filtration time.
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5.3^  Results and Discussion
5.3.1 Invert destruction
1 ■ Washed sugar liquor
Four experiments were conducted w ith 65% washed sugar liquor. Four samples 
were taken for each experiment. The interval o f sampling was 1.5 to 2.0 hours. When the 
ratio o f lime was 0.8% on solid basis, the pH o f reactor A  was brought to 10.7 to 10.8. the 
destruction o f invert by 5 minutes liming was 49.0% to 63 .4%. The destruction o f invert 
continued in during first carbonation and another 20 to 30% o f invert was destroyed in 
reactor B. Second carbonation did not show significant invert destruction because o f the 
relatively low pH (8.0 to 8.2). Total invert destruction was 80 to 90%.
When the ratio o f lime added was reduced to 0.4%, the destruction o f invert reduced 
to 25% to 50% by preliming. The two stage carbonation did not show any destruction o f 
invert, but increased invert level by 50%. Therefore, to complete destroy invert by less lime, 
longer retention and higher temperature for preliming or higher pH for carbonation was 
needed. Regardless the dose o f lime used in our three stage preliming carbonation system, 
the destruction o f invert mainly occurred in preliming and first carbonation stages.
2. Melt liquor
The destruction o f invert in melt liquor was similar to that in washed sugar liquor. 
The total invert destroyed by three stage continuous carbonation increased from 43% to 
91% when the lime usage increased from 0.2% to 0.8%. The correlation between the 
percentage o f invert destroyed in melt liquor and the dose o f lime was logarithmic fit when 
other conditions such as pH, temperature and residence time were constant. The percentage
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o f invert destroyed can be calculated by equation (5-1) when the ratio o f lime was in the 
range o f 0.2% to 0.8%. Where x is the percentage o f lime.
% Invert destroyed = 30.858Ln(x) + 97.238 (5-1)
= 0.9908
This equation could be applied to washed sugar liquor. For example, invert 
destruction by calculation were 69.9 and 90.4 when lime dose was 0.4% and 0.8%, which 
were very close to experimental data described above.
3. Affination svrup
High invert concentration (3-5%), high color and low purity (about 82) o f affination 
syrup made it very difficult to purify. In order to destroy invert, more lime was needed. In 
the experiments o f affination clarification by carbonation, different lime ratios were tried 
with other parameters such as pH, temperature and residence time o f material in A and B 
reactor being kept constant. The unpublished data obtained by other researchers o f this 
research lab demonstrated that clarification efficiency o f carbonation system was very low 
when the lime ratio was less than 2.0%. Therefore we started with 2.0% lime and increased 
to 5%. The experiment results are described in following paragraphs.
The percentages o f invert destruction in affination syrup in reactor A were 79.1%, 
94.2% and 99.7% when lime doses were 2.0%, 3.5% and 5%. From 3.5% to 5%, invert 
destruction increased only 5.5%. When the dose o f lime increased to 5.0 %, invert content 
was still detectable, though in very low level. This is explained by the alkaline degradation 
o f sucrose through glucose and fructose as intermediates. The more lime was added, the 
higher the concentrations o f OH'and Ca . The high alkalinity, the more sucrose would be
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destroyed, and the more difficult It would be to remove the calcium. The increase o f invert 
occurred in both reactor B and C in all cases and the invert content o f second carbonated 
affination was higher due to the acidic conversion o f sucrose because the pH in C reactor 
was lower than 8.3 (Edye and Clarke, 1992). To reduce sucrose destruction in preliming, 
the lime ratio should not be too high, and the final pH o f second carbonation should not be 
lower than 8.0.
5.3.2 Color formation and removal
A well known fact o f invert alkaline degradation is the formation o f color. Color 
development in refining materials was, however, different from that in pure invert solution 
as shown in following paragraphs.
1. Washed sugar liquor
Table 5.2 The absorbance changes o f washed sugar liquor during continuous carbonation
Test Absorbance % Absorbance reduction
No.
Feed A B C A B C
1 0.526 0.462 0.286 0.271 12.20 45.61 48.45
2 0.478 0.456 0.241 0.233 4.60 49.52 51.16
3 0.646 0.508 0.354 0.212 21.30 45.27 67.20
4 * 0.646 0.601 0.299 0.432 7.00 53.72 33.10
*  The dose of lime in test 1, 2 and 3 was 0.8%, in test 4 was 0.4%.
Table 5 .2 shows that the absorbance o f washed sugar liquor did not increase as a 
result o f the destruction o f invert sugar during preliming in reactor A as in the case o f pure 
invert alkaline degradation. In fact, the absorbance o f prelimed liquor reduced by different 
extents. There were several possible reasons. (1)5 minutes might be not enough for color
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developing at 70 °C. (2) Temperature in reactor A was relatively low (70 “C), thus the slow 
polymerization o f color precursors. (3) The invert concentrations o f washed sugar liquor 
were low (700-740 mg L). (4) Heating and preliming might change the nature o f colorants 
originally existed in the washed sugar liquor. (5) The colorants present in washed sugar 
liquor and produced from invert degradation and Maillard reaction were adsorbed on or 
trapped in water insoluble sucrose-calcium salt complex. When adding lime to sucrose 
solution, the reactions taking place consisted o f the formation o f complex compounds 
including CjjHijOii.CaO, and CiiH^iOn.lCaO, which are water soluble. When heating the 
solution o f these compounds, sucrose was released and a water insoluble complex, 
CijHiiOii.SCaO, was formed (Yang, et al. 1979).
3Ci2H220i,.Ca0  y  C,2H220[, 3CaO + 2C,2H220, i
This compound with colorants trapped in would be removed by filtration before pH 
adjustment and the measurement o f absorbance. Therefore, the prelimed liquor had lower 
color than feeds.
After carbonation 48 to 67% o f total color was removed when the ratio o f lime to 
dry washed sugar was 0.8%. According to Abram and Ramage (1979), the average color 
removal o f typical carbonation was 42%. The difference might be caused by the 
enlargement o f test scale from laboratory to industrial scale. The better decolorization o f 
the laboratory carbonation might be the benefit o f invert destruction during preliming.
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An interesting phenomenon shown in table 5.2 was the color increase in reactor C 
when the dose o f lime was 0.4%. The possible reason was the desorption o f colorants 
adsorbed on the surface o f particles due to the dissolving o f calcium carbonate at the 
relatively lower pH in C reactor. Although the final pH in reactor C was the same in the 
cases o f 0.8% lime and 0.4% lime, more calcium carbonate crystals were formed in first 
saturator to entrap more colorants in former situation. In addition, there still were a large 
amount o f free calcium ions in first carbonated liquor which could be seen from calcium 
content in B liquor. These calcium ions would form new calcium carbonate crystals through 
second carbonation and adsorb more colorants and other impurities. The desorption o f 
colorants in second saturator has been proved by the clarification o f affination syrup in this 
three stage preliming carbonation system.
2. Melt liquor
Figure 5 .3 indicates that the absorbance o f carbonated melt liquor decreased with 
the increase o f lime dose. The correlation between color and lime dose was obtained by 
regression analysis.
% color removal = 48.745x + 11.535 (5-2)
R- = 0.9898
where x  represents the dose o f lime. The equation (5-2) is valid when the dose o f lime is 
between 0.2% to 0.8% on the base o f dry solid.
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Figure 5.3 The effect o f lime usage on color removal o f melt liquor in 
continuous carbonation system
3. Affination svrup
Agination syrup is a very dark material w ith a color o f about 30,000 to 40,000 ICU 
depending on the materials we received at different date. Color did not increase after 
preliming with a large amount o f lime but decreased by different degree, although the invert 
content in affination syrup was as high as 1.5 to 3.6% on DS. The reasons were the same 
as that for washed sugar liquor.
43% to 60 % of the color was removed by reactor A and B. Color increase occurred 
in reactor C as in washed sugar liquor because o f the desorption o f colorants caused by 
lower pH in C reactor.
Before CO, can react with CafOH)?  ^ it must become carbonic acid;
CO2 + HjO = H2CO3
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and the COj*' dissociated from H^COj then reacts with Ca(0H)2 to form CaCOj precipitate. 
According to the relationship between the degree o f dissociation and pH, when pH=8, only 
small amount o f C O ^ ' exits, most o f anions are HCO/ The solubility product o f CaCOj 
at 18 to 25 °C is 8.7 x 10 ’  (McGinnis, 1971). Only when [Ca , CaCOj can
precipitate from solution. I f  gassing is continued to below certain pH level, insoluble CaCOj 
w ill becomes water soluble Ca (HCO^);^
CaCOj + CO, + HjO = Ca (HCO,),
Thus the colorants occluded in carbonate particles w ill dissolve. This was confirmed by 
centrifuging the first carbonated affination syrup from reactor B to remove most o f the 
particles formed, then pumping the centrifuged syrup to reactor C at the same flow  rate as 
feeding. The extent o f color increase was reduced significantly after centrifugation o f the 
liquor from B reactor.
5.3.3 Concentration o f calcium ions
1. Washed sugar liquor
The calcium in the original washed sugar was in the range o f 0.009% to 0.013% on 
the dry basis. After liming with 0.8% quick lime with 93% available CaO, which was 
equivalent to 0.744% o f CaO, the total content o f Ca’  ^ in the limed liquor was 0.39% 
(which was equivalent to 73.4% o f CaO added). The lower concentration o f Ca was due 
to the incomplete dissolution o f lime and the incomplete dissociation o f Ca(0 H ) 2  during 
liming. The undissolved CaO and undissociated Ca(0H)2 w ill become Ca^* and OH during 
carbonation.
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After first carbonation the content o f Ca decreased from 0.39% to 0.29%, i.e., 
about 25% o f Ca was precipitated by CO,. After second carbonation followed by filtration 
the residue o f Ca in filtrate was 0.02%. Abount 95% o f calcium was precipitated by 
second carbonation. Therefore, the major function o f second carbonation was 
décalcification. However, Ca in second carbonated liquor was higher than in the feed, 
further study is needed to optimize second carbonation for removing calcium.
The content o f Mg in washed sugar liquor was 0.004 - 0.005%, and it did not 
change during liming carbonation process.
2. Affination svrup
The concentration o f calcium ions in affination syrup varied from 0.1 to 0.5% 
depending on the raw material received. To destroy invert, 2.0% to 5.0% o f lime was added 
in preliming stage. The rate o f décalcification increased with the increase o f lime dose. 46% 
to 85% o f Ca in prelimed affination syrup was removed by carbonation depending on the 
dose o f lime. The lowest concentration o f Ca was obtained at lime dose o f 3.5%. Ca 
concentration in carbonated affination syrup increased when more than 3.5% o f lime was 
added in preliming stage. However, the calcium added during preliming could not be 
completely removed by the carbonation under experiment conditions.
It is evident that the calcium concentrations in second carbonated liquor were higher 
than that in original materials for both washed sugar liquor and affination syrup. This might 
be the disavantage o f invert degradation by preliming, because preliming destroyed invert 
and produced organic acids. The calcium salts o f these acids were water soluble and could
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
115
not be removed by carbonation. Therefore, calcium concentration in clarified sugar liquor 
increased.
5. 3. 4 Size and Morphology of carbonate particles
The particle size o f carbonated cake is affected by several factors such as the 
alkalinity o f sugar solution which is determined by the ratio o f CaO to dry washed sugar, 
temperature, gassing rate and controlled pH in two saturators. Under the experimental 
conditions in table 5.1, the average size o f the particles o f first carbonated washed sugar 
liquor was 5.0 to 6.0 p.m, and that o f the second carbonated liquor was 8.0 to 10 pm. The 
results are shown in table 5.3.
Table 5.3 Particle size o f carbonated washed sugar liquor
I 2 3 4*
B (1st carbonation) 5.91 5.52 5.27 5.58
C (2nd carbonation) 9.28 9.10 8.79 10.03
Table 5.4 Particle size o f carbonated affination syrup
Particle size (pm)
%CaO on DS A B C
1.97 4.93 6.42 6.04
4.52 4.84 6.69 10.37
4.94 5.56 7.22 10.72
6.60 5.15 6.10 6.02
For affination syrup (Table 5.4), the particles o f A liquor were the CaO which did 
not dissolve in affination syrup and insoluble calcium sucrate. Particles in B liquor mostly
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were CaCOj formed through the reaction CO; and dissolved CaO. From the table we can 
see that particle size o f B liquor did not increase significantly with the increase o f ratio o f 
CaO to solid. The great increase in particle size was observed in C liquor when the lime 
ratio increased from 1.97% to 4.52%. Further increase in lime ratio did not show any benefit 
for particle growth. When the ratio o f CaO increased to 6.6%, particle size decreased due 
to the higher concentration o f Ca *^ in the syrup. When CO; was introduced into reactor B, 
large number o f CaCOj nuclei formed at the same time and nucléation continued in reactor 
C The room for these nuclei to grow was limited.
The study o f the morphology o f particles formed during carbonation by means o f 
Scanning Electron Microscopy demonstrated that the “ particles”  identified by Global Lab 
Image were aggregates o f many single small particles (calcium carbonate crystals, about I 
|im). The shapes o f the crystals were not the same, some were cubic, some were rod shaped 
as shown in Figure 5.4. This figure shows that the connections among crystals were very 
loss and were easily destroyed by mechanical shearing force or by the variation o f reaction 
conditions. Once the aggregate was broken into many tiny crystals, the filtration o f liquor 
would be very difficult because the tiny crystals would block the pores o f filtration medium. 
Tight rigid and big agglomerates o f the small crystals are desired for the better filterability 
o f carbonated liquor. Therefore, the shearing force in both saturators have to be controlled 
by the proper mixing speed.
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Figure 5.4 Scanning electron microscopy o f the morphology o f carbonated particles
»
t
Figure 5 .5 Carbonated particles o f washed sugar liquor measured by Global Image 
in conjunction with optical microscope ( magnification: 40X)
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5. 3. S Filterability of carbonated sugar solutions.
The filtration rate o f carbonated liquor is directly related to particle size. Two 
filtration tests have been done in the 4th experiment to test the filterability o f second 
carbonated washed sugar liquor. The mixture o f two hours collection o f carbonated liquor 
was used for each test. Two filtration curves were obtained (Fig. 5.6). The figure indicates 
that when the experiment condition was stable, the filterability o f carbonated liquor was 
reproducible. The filtration rate decreased with filtration time logarithmically which was 
corresponding to the increase in thickness o f carbonated cake thus the increase in filtration 
resistance. Two filtration equations were obtained by least square regression.
0.8% lime; Y  = -5.376 Ln(t) + 29.74 (5-3)
= 0.9903
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Figure 5.6 Filtration curves o f second carbonated washed sugar liquor (ratio o f 
lime: 0.8% on solids, concentration o f sugar liquor: 65%, pH for 1st 
and 2nd saturator were 9.5 and 8.0, temperature 84 °C and 86 ®C)
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From equation (5-3), the average filtration rate was 9.27 gal ft" hr at the filtration 
time o f 45 minutes which was the time for accomplishing one filtration cycle in refinery. 
The similar filtration rates for two tests were corresponding to the similar particle size o f 
two collections o f carbonated sugar liquor.
The filterability o f carbonated washed sugar liquor when the ratio o f lime reduced 
from 0.8% to 0.4% is shown in Figure 5.7.
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Figure 5.7 Filtration curves o f second carbonated washed sugar liquor (ratio o f 
lime; 0.4% on solids, concentration o f sugar liquor pH for 1st and 2nd 
saturator were 9.5 and 8.0, temperature 84 °C and 86 °C)
The filtration rate did not decrease because o f lowering the lime dose. The filtration 
rate increased w ith the decrease o f lime dose because o f the lower alkalinity which was 
favorable the formation o f bigger size but smaller number o f aggregates o f calcium 
carbonate crystals. As a result, the cake was thinner and the filtration resistance was smaller. 
The relationship between filtration rate and filtration time followed logarithmic fit.
0.4% lime: Y=-23.43 Ln (t) + 105.01 = 0.9476 (5-4)
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The relationship between the filtration rate o f carbonated liquor and filtration time is shown 
in Figure 5.8. Three tests were conducted at lime dose o f 3.5%. Three similar curves were 
obtained. Each curve was a perfect power fit (equation 5-5, 5-6 and 5-7). This relationship 
was different from that o f washed sugar liquor. The difference might be caused by the higher 
lime dose for clarification o f affination syrup.
Test 1 : Y= 159.47 t = 0.9967 (5-5)
Test 2; Y=165.59 1 R ' = 0.9905 (5-6)
Test 3; Y =  142.33 1 R  ^= 0.9922 (5-7)
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Figure 5 .8 Filtration curves o f carbonated affination syrup (ratio o f lime:
3.5% on solids, pH for 1st saturator and 2nd saturator: 9.5 and 
8.0, temperature 84 °C and 86 °C, concentration o f syrup: 50%)
5.4 Conclusions
Three materials (washed sugar liquor, melt liquor and affination syrup) were treated 
by laboratory continuous carbonation system with several modifications based on an
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industrial carbonation system, such as increasing time o f preliming from less than one minute 
to 5 minutes, reducing the retention time from 45 minutes to 20 minutes in first saturator 
and from 22.5 minutes to 20 minutes in second saturators. The eflBciency o f clarification was 
evaluated by invert destruction, decolorization, décalcification, particle size and filterability 
o f treated solutions. The following major conclusions can be drawn from the experiment 
results.
Invert destruction: Invert in washed sugar liquor and melt liquor was destroyed 
almost completely in 5 minutes o f preliming and 20 minutes o f first carbonation by adding
0 .8 % o f lime (equal to 0.74% CaO) on solid basis. Total invert destruction was 80 to 90%. 
The relationship between the percentage invert destroyed and lime dose in washed sugar 
liquor and melt liquor under experimental conditions could be expressed as; % Invert 
destroyed = 30.858Ln(x) + 97.238. The high level o f invert in affination syrup could not be 
completely destroyed by less than 3.5% o f CaO on DS in 5 minutes preliming. 3.5% to 5% 
o f CaO was needed to eliminate 90% o f invert in affination syrup by laboratory carbonation 
system. The destruction o f invert increased with the increase o f the lime ratio, but more lime 
also created more cake.
Decolorizatinn- After liming, color did not increase due to the degradation o f invert 
in all situations as observed in the pure invert degradation and mixture o f pure invert and 
sucrose. An explanation was that high temperature and high alkalinity change the nature o f 
some colorants originally present in washed sugar and affination syrup. Another reason was 
the formation o f insoluble sucrose-calcium salt complex (C 1 2 H2 2 On.3 CaO.3 H 2 O) during 
liming, which adsorbed some colorants and was removed by filtration. 50% to 70% o f color
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in washed sugar was removed by two stage carbonation. Second carbonation removed about 
20 to 30% o f the total color.
Color increase in secondary carbonation was observed for both washed sugar liquor 
and affination syrup. Color was removed by occlusion into the conglomerate o f calcium 
particles and adsorption on crystal surface o f calcium carbonate by static electric effect 
between nagetively charged colorants and positively charged calcium carbonated crystals 
under alkaline condition. Lowering the pH in second saturator would cause the formation 
o f more water soluble Ca(HC0 3 )2 , thus the desorption o f color. Removing precipitate 
formed during first carbonation prevented the color increase in second saturator. This 
demonstrated the assumption o f colorant desorption from the lattices o f CaCOj due to the 
fluctuation o f pH.
Décalcification: After treatment in the laboratory carbonation system, Ca*' 
concentration in the filtrate increased from 0.015% to 0.05% for washed sugar liquor and 
from 0.28% to 0.45% for affination syrup which were higher than the results o f actual 
refining practice. This was because 20 minutes gassing in first and secondary saturators was 
not enough to precipitate all Ca *' added.
Particle size and filterabilitv: The particles formed during carbonation were not single 
CaCOj crystals but the agglomerate o f many very fine crystals. The conglomerates o f first 
carbonated washed sugar liquor and affination syrup were 5 to 6 pm which corresponded 
to the very poor filterability o f the liquors (filtration rate was o f 2 to 3 gal ft* hr under 60 
psi pressure). The conglomerates o f second carbonated liquors had an average size o f about 
10 pm, and the filtration rate was about 10 to 12 gal ft^ hr which was compatible with that
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o f actual refining carbonated liquor. For affination syrup, large particle size and good 
filterability could not be achieved by the ratio o f CaO to DS less than 3.5% or higher than 
5%.
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SUMMARY AND CONCLUSIONS
The review o f literature about the chemical and physical characteristics o f invert 
sugar and the reaction behavior invert sugar in water solution showed that the degradation 
o f invert in alkaline solution is a multiple step reaction. Enediol ions are the key 
intermediates and organic acids (also called carboxylic acids) are the final products o f invert 
alkaline degradation.
The first-order reaction kinetics o f invert alkaline degradation was demonstrated for 
the pH range o f 9.0 - 1 1 0  and temperature range o f 70 - 90 “C. Based on the mechanism 
o f monosaccharide degradation, the kinetic model o f invert alkaline degradation was further 
simplified. According to this model, the degradation rates o f glucose and fructose were 
proportional to the rates o f the formation o f enediol ions from glucose and fructose, 
respectively. It is impossible to calculate a rate constant with the kinetic model which 
involves undetectable intermediate (enediol ions). When the reaction started with equal 
amounts o f glucose and fructose, the rate constant o f total invert degradation was equal to 
the average o f the rate constants o f glucose and fructose degradation under the conditions 
applied in the studies.
Rate constants o f invert alkaline degradation determined by experiments in this study 
were larger than those calculated by Vukov’s equation. After studying the effects o f pH and 
temperature on rate constant and activation energy o f invert degradation when Ca(OH), 
suspension, the effects o f pH and temperature on rate constant can be expressed as equation 
log k = 19.42 - 6712/T - 0.712. The rate constants calculated by this equation were very 
close to experiment data. According to this equation, rate constant increases 3 to 4 times
124
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with a 10 °C increase in temperature at constant pH and 5 to 6 times with one unit increase 
in pH at constant temperature which is consistent with experimental result and de Bruijn’s 
data.
The activation energy o f invert degradation was pH independent when Ca(OH); 
suspension was used as base and was 30.75 kcal/mol in the pH range 9 to 11, temperature 
70 to 90 °C. The nature o f base did make some differences not only on the rate constant, but 
also on the activation energy o f invert degradation. The order o f the effects o f N a ", and 
C a^* was found to be; Ca^  ^> Na  ^> K". Sodium ions Na ” had stronger catalytic effect than 
potassium ions calcium ions C a^* did not show catalytic effect on the degradation o f 
invert because the activation energy o f invert degradation did not change due to the increase 
o f Ca'"^  ions concentration.
The presence o f sucrose accelerated the degradation o f invert sugar, and the higher 
the sucrose concentration, the larger the rate constant. The effect o f sucrose on the 
degradation rate was interpreted by the effect o f sucrose concentration on the behavior o f 
pH electrode.
Lactic acid is one o f the important products o f invert alkaline degradation. In the 
reaction mixture, lactic acid presents in the form o f lactate because the salt o f lactic acid is 
water soluble. The relationship between the percentage o f lactate produced and the invert 
degraded was secondary polynomial. The percentage o f lactate was influenced by 
concentration o f invert, pH and the nature o f base. High pH and low temperature favored 
the formation o f lactic acid. High concentration o f invert inhibited the formation o f lactic 
acid. The percentage o f lactic acid increased linearly with the increase o f pH. Small and
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highly charged cations such as Na* and Ca’ * favored the formation lactic acid due to small 
steric hindrance and strong electrostatic eflfect to form cation-fhictose complex. The eflfect 
o f the presence o f sucrose on the production o f lactic acid also could be interpreted by the 
effect o f sucrose on the behavior o f pH electrode. The fact that concentration o f lactic acid 
was higher than the original concentration o f invert in alkaline sucrose and invert was still 
detectable suggested that invert was intermediate o f sucrose alkaline decomposition.
The formation o f color is one o f the most important result o f invert degradation. The 
development o f color with reaction time through invert alkaline degradation was second 
order polynomial (quadratic) fit. The correlation between color and invert degraded was 
second order polynomial fit under constant pH and temperature. The slow development o f 
color at the beginning o f reaction implies the presence o f propagation period (lag phase) o f 
color formation due to invert alkaline degradation.
The destniction o f invert should not influence the efficiency o f purification and cause 
sucrose loss. The study o f invert destruction in washed sugar liquor, melt liquor and 
affination syrup during preliming/carbonation in a laboratory continuous carbonation system 
demonstrated that the decolorization o f carbonation process, and filterability o f carbonated 
liquor were not affected by invert destruction. More color was removed by this process 
than that by carbonation system currently employed in cane sugar refinery. However, 
décalcification was lower than that o f traditional carbonation. The calcium concentration 
in the clarified liquor was higher than that in the feed.
The degradation o f invert produces organic acids. In carbonation stage, the acids 
formed are neutralized by continuous addition o f milk o f lime, thus they do not cause
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sucrose acidic conversion. But i f  the pH o f second carbonation is lower than pH 8.3, the 
possibility o f sucrose conversion should not be neglected which has been observed in this 
study. I f  the degradation o f invert occurs during evaporator where temperature is very high, 
and it is impossible to neutralize the acids, the accumulation o f these acids w ill lower the 
pH and cause sucrose inversion loss. Therefore, it is necessary to destroy invert o f melt 
liquor at carbonation stage to prevent the pH - drop in evaporator.
Although about 50% o f color in affination syrup could be removed by a laboratory 
continuous carbonation process, the increase o f calcium concentration was a disadvantage 
o f invert destruction by preliming and carbonation. In addition, the destruction o f 3 to 5% 
o f invert should be considered as a great sugar loss. For the refinery with a capacity o f 
refining 6 million lb raw sugar per day, 420,000 lb affination syrup is produced. The total 
invert in affination syrup is 16,800 lb. 12,600 lb to 21,000 lb o f lime is needed to destroy 
the invert. This cost and the cost for cake disposal can not be neglected. Therefore, the 
purification o f affination syrup should avoid invert destruction.
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